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Preface 


The  continuing  rapid  developments  taking  place  in  quantum  electronics 
cut  across  a  wide  swath  of  research  activities  including  atomic  and  solid- 
state  physics,  nonlinear  optics  and  spectroscopy,  and  quantum  light  beams 
and  quantum  measurements.  Strong  research  programs  in  these  areas  presently 
exist  in  the  United  States  and  Japan.  These  Proceedings  represent  summaries 
and  viewgraphs  from  a  U.S. -Japan  Seminar  entitled  "Quantum  Mechanical  Aspects 
of  Quantum  Electronics,"  which  was  held  from  July  21  to  July  24,  1987  at  the 
Hilton  Inn  Resort  in  Monterey,  California.  The  1987  Seminar  was  the  fourth 
in  a  series  on  quantum  electronics  which  began  in  Hakone,  Japan  in  1977,  with 
meetings  in  Maui,  USA  in  1980  and  Nara,  Japan  in  1983.  The  previous  seminars 
engendered  valuable  technical  ties  between  researchers  in  the  two  countries, 
which  were  strengthened  and  expanded  at  the  Monterey  Seminar.  The  early 
meetings  in  the  series  were  centered  on  the  emerging  techniques  in  nonlinear 
and  high-resolution  spectroscopy.  At  the  Nara  meeting,  the  emphasis  shifted 
to  include  major  consideration  of  quantum  issues  of  coherence  and  incoherence. 
The  1987  Seminar  focused  on  topics  of  very  current  interest,  including: 
neutral  atom  trapping;  ultrahigh  stability  sources  and  ultrahigh  resolution 
spectroscopy;  squeezed  states  of  light;  and  nonlinear  optics  of  semiconductors. 


The  spirit  and  vibrancy  with  which  these  topics  were  discussed  was  a  testimony 
to  the  vitality  of  the  U.S. -Japan  Seminars.  We  look  forward  to  another  such 


successful  meeting  in  Japan  in  1989  . 


Jeffrey  H.  Shapiro 
Hiroshi  Takuma 
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from  all  of  these  sources  the  1987  Seminar  would  not  have  been  so 
successful . 
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U.S. -JAPAN  SEMINAR 

Quantum  Mechanical  Aspects  of  Quantum  Electronics 


July  21  -  July  24,  1987 

Hilton  Inn  Resort 
Monterey,  California 


\ 


PROGRAM 


Tuesday  July  21 


7:00AM  Continental  Breakfast 

Seminar  Introduction 

8:20  AM  Welcoming  Remarks 

-  J.H.  Shapiro  and  H.  Takuma 

.1 

Session  I  -  Manipulation  and  Spectroscopy  of  Atoms-  J.L.  Hall,  Chairman 

8:30  AM  Optical  Cooling  and  Trapping 

-  W.D.  Phillips 

9:10  AM  Optical  Trapping  of  Neutral  Atoms  and  Dielectric  Particles 

by  Radiation  Pressure 

-  A.  Ashkin,  J.E.  Bjorkholm,  and  S.  Chu 

9:50  AM  Macroscopic  Quantum  Jumps  in  a  Single  Atom 

-  A.  Schenzle  and  R.G.  Brewer 

10:30  AM  Coffee  Break 

11:00  AM  Laser  Cooling  of  Neon  Metastable  States 

-  F.  Shimizu,  K.  Shimizu,  and  H.  Takuma 

Session  II  -  Nonlinear  and  Excitonic  Optics  I  -  D.S.  Chemla,  Chairman 

11:40  AM  Gigantic  Optical  Nonlinearity  in  Low  Dimensional  Systems 

-  E.  Hanamura 

12:20  PM  Measurements  of  Optical  Nonlinearities  in  MOCVD-Grown 

GaAs/GaAlAs  Multiple  Quantum  Wells 


Session  III  -  Stable  Lasers  -  £.  Garmire,  Chairwoman 


7:30  PM 

8:10  PM 

8:50  PM 

9:30  PM 

7:00  AM 

Session  IV  - 
8:30  AM 

9:10  AM 

9:50  AM 

10:30  AM 
11 :00  AM 

11 :40  AM 


Progress  in  Stabilized  Lasers  128 

-  J.L.  Hall,  D.  Hils,  C.  Salomon,  J.-M.  Chartier,  and 
N.C.  Wong 

Doppler-free  Optical  Multiplex  Spectroscopy,  with  142 

Stochastic  Excitation 

-  K.-P  Dinse,  M.  Winters,  and  J.L.  Hall 

Dynamic  and  Spectral  Properties  of  Semiconductor  Lasers  147 

with  Quantum  Well,  Quantum  Wire,  and  Quantum  Box  Structures 

-  Y.  Arakawa 

Quantum  Limited  Linewidth  of  Semiconductor  Lasers 

-  A.  Mooradian 

Ultrahigh  Coherent  Semiconductor  Lasers  and  Their  183 

Applications  to  Rb  Atomic  Clocks 

-  M.  Ohtsu ,  K.  Kuboki,  and  M.  Hashimoto 

Wednesday  July  22 
Continental  Breakfast 

•^Squeezed  States  I  -  Y.  Yamamoto,  Chairman 

Squeezed  States  in  Degenerate  Parametric  Amplification  216 

Discussed  by  H.  Takahasi  in  1963 

-  K.  Shimoda 

Squeezed  States  of  Light  235 

-  H.J.  Kimble,  R.J.  Brecha,  L.A.  Orozco,  M.G.  Raizen, 

L.-A.  Wu  and,  M.  Xiao 

Pulsed  Squeezed  Light  237 

-  R.E.  Slusher 

Coffee  Break 

Quantum  Nondemolition  Detection  and  Squeezing  in  253 

Optical  Fibers 

-  M.D.  Levenson,  R.M.  Shelby,  and  S.H.  Perlmutter 

Quantum  Nondemolition  Detection 

-  N.  Imoto 


2:00  PM 
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Session  V  -  Nonlinear  and  Excitonic  Optics  II  -  E.P.  Ippen,  Chairman 

2:00  PM  Optical  Properties  of  Quantum  Well  Structures  with 

Electric  Field:  Lifetime-Free  Switching  of  Luminescence 
Intensity  and  Virtual  Charge-Induced  Ultrafast  Optical 
Nonl inearity 

-  M.  Yamanishi 

2:40  PM  Why  Lose  Sleep  Over  1 1 -VI  Compound  Semiconductor 

Superlattices? 

-  S.  Chang,  Q.  Fu,  D.  Lee,  A.  Mysyrowicz,  A.V.  Nurmikko, 
J.-W.  Wu,  R.  Gunshor,  and  L.  Kolodziejski 

3:20  PM  Coffee  Break 

3:50  PM  Enhanceu  Lxcitonic  Optical  Nonlinearity  and  Exciton 

Dynamics  in  Semiconductor  Microstructures 

-  T.  Takagahara 

4:30  PM  Free  Carrier  Nonlinear  Optics 

-  P.A.  Wolff 

7:00  PM  Cocktai 1  Hour 

8:00  PM  Banquet 

9:30  PM  After-Dinner  Presentation:  Berry's  Phase  in  Fiber  Optics 

-  R.Y.  Chiao 

Thursday  Jul y  23 


3:20  PM 
3:50  PM 


4:30  PM 


7:00  PM 
8:00  PM 


9:30  PM 


7:00  AM 


Continental  Breakfast 


Session  VI  -  Dynamic  Studies  in  Semiconductors  -  E.  Hanamura,  Chairman 

8:30  AM  High  Density  Femtosecond  Excitation  of  Nonthermal  Carrier 

Distributions  in  Intrinsic  and  Modulation  Doped  GaAs 
Quantum  Wei  1 s 

-  W.H.  Knox,  D.S.  Chemla,  and  G.  Livescu 

9:10  AM  Dynamical  Aspects  of  Carrier  Tunneling  in  Semiconductor 

Superlattices 

-  Y.  Masumoto 

9:50  AM  Experimental  and  Theoretical  Studies  of  Coherent  and 

Nonthermal  Processes  in  Semiconductors  Probed  by 
Femtosecond  Laser  Techniques 

-  N.  Peyghambarian  and  S.W.  Koch 

10:30  AM  Coffee  Break 


9:50  AM 


Paqe  No, 


11:00  AM 


11 : 4  0  AM 

2:00  PM 

Session  VII  - 
7:30  PM 

8:10  PM 

8:50  PM 

9:30  PM 

7:00  AM 
Session  VIII 

8:30  AM 

9:10  AM 

9:50  AM 


Femtosecond  Studies  of  Hot  Carrier  Relaxation  in 
GaAs  and  AlGaAs 

-  E.P.  Ippen  and  J.G.  Fujimoto 

Exciton  Relaxation  Phenomena  in  a  Disordered--5ystem 

-  M.  Aihara 

Afternoon  Outing: 

Tour  of  Monterey  Bay  Aquarium 

Squeezed  States  II  -  M.D.  Levenson,  Chairman 

Generation  of  Number-Phase  Minimum  Uncertainty  States 

-  V.  Yamamoto,  S.  Machida,  N.  Imoto,  M.  Kitagawa,  and 
G.  Bjork 

Squeezing  via  Traveling-Wave  Forward  Four-Wave  Mixing 
in  Atomic  Vapors:  Comparison  with  Nondegenerate  Theory 

-  P.  Kumar 

Generating  Squeezed  Microwave  Radiation  with  a  Josephson 
Parametric  Amplifier 

-  B.  Yurke 

Uetecting  Squeezed  States  by  Cross-Correlation 

-  Z.Y.  0u ,  C.K.  Hong,  and  L.  Mandel 

Friday  July  24 
Continental  Breakfast 

-Spectroscopy,  Instability  and  Multistability. - 

-  R.G.  Brewer,  Chairman 

What  Has  Been  Done  and  What  Will  Be  Done  by  Subnatural 
Linewidth  Spectroscopy 

-  H.  Takuma,  K.  Shimizu,  and  F.  Shimizu 

Comprehensive  Model  for  Laser  Instability  in  a  CO2  Laser 
with  Gaseous  Saturable  Absorber 

-  T.  Shimizu,  M.  Tachikawa,  and  K.  Tanii 

Recent  Progress  in  Optical  Bistability  and  Tristability 

-  T.  Yabuzaki  and  M.  Kitano 


10:30  AM 


Coffee  Break 


session 


IX 


-'Quantum  Light  and  Quantum  Photodetection 

Nonclassical  Lights 
-  H.P.  Yuen 


B.  Yurke,  Chairman 


Quantum  Statistics  of  Parametric  Oscillators  Above  Threshold 

-  D.F.  Walls,  M.J.  Collett,  A.S.  Lane,  M.D.  Reid,  and 
C.M.  Savage 


Open  Questions  in  Closed-Loop  Photodetection 
-  J.H.  Shapiro 
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OPTICAL  COOLING  AND  TRAPPING 

William  D.  Phillips,  MET  B258,  National  Bureau  of  Standards 

Gaithersburg,  MD  20899 

(Summary  of  presentation  at  the  U.  S.  -  Japan  Seminar  on  Quantum  Mechanical 
Aspects  of  Quantum  Electronics,  Montery,  CA,  July  1987) 


Past  and  present  collaborators  on  work  done  at  NBS  Gaithersburg  are 
shown  on  the  1st  slide.  Many  other  groups  throughout  the  world  are  active 
in  this  area  and  only  a  fe  are  mentioned  in  this  talk.  The  November  1985 
issue  of  J.  Opt.  Soc.  Am.  B  contains  papers  from  many  of  these  groups.  A 
forthcoming  article  in  Science  by  Phillips,  Gould  and  Lett  reviews  much  of 
the  recent  work. 

Some  of  the  motivations  for  the  work  are  listed  in  slide  2.  In 
particular,  note  that  efforts  to  achieve  Bose  condensation  in  spin  polarized 
hydrogen  have  been  plagued  by  problems  related  to  interactions  between  atoms 
at  high  density  and  atoms  adsorbed  on  the  walls  of  the  container.  Optical 
cooling  and  electromagnetic  trapping  may  be  able  to  address  these  problems 
because  low  temperatures  can  be  achieved,  allowing  lower  densities  for  Bose 
condensation,  and  in  a  container  without  material  walls. 

Slide  3  shows  how  the  resolution  of  free-bound  spectroscopy  is  limited 
by  the  kinetic  energy  spread  of  the  free  atoms.  With  laser  cooled  atoms, 
the  free-bound  spectroscopic  resolution  becomes  about  equal  to  bound-bound 
resolution.  Slide  4  illustrates  how  the  low  energies  of  laser  cooled  atoms 
put  collisions  between  them  in  a  highly  qunatum  mechanical  regime,  one  which 
has  not  been  investigated  experimentally  as  yet. 

The  principle  of  laser  cooling,  proposed  in  1975  and  first  demonstrated 
on  trapped  ions  in  1978,  is  shown  in  slide  5.  When  the  laser  is  tuned  below 
resonance,  the  atoms  absorb  the  light  more  strongly  when  they  are  moving 
toward  the  laser.  This  results  in  more  absorptions  that  slow  the  atoms  than 
ones  which  accelerate  them.  In  a  trap,  such  as  an  ion  trap,  the  orbits  of 
the  atoms  continually  bring  the  atoms  toward  the  laser,  so  they  can  be 
slowed  down.  In  the  absence  of  such  trapping,  symmetric  illumination  can 
accomplish  the  same  thing,  as  shown  in  slide  6. 

The  problem  is  that  the  range  of  velocities  over  which  the  force  is 
i  substantial  is  only  a  few  meters  per  second.  For  a  trapped  atom  going  much 

faster  than  this,  this  is  not  too  bad,  since  the  small  cooling  rate  can  act 
over  a  long  period  of  time.  Ion  traps  hold  ions  at  room  temperature  or 
higher  energies,  but  neutral  traps  (slide  7)  are  all  very  shallow  and  can't 
hold  atoms  with  energies  above  about  1  K.  Therefore,  one  must  slow  the 
atoms  down  first,  then  trap  or  further  cool  them. 

Slide  8  shows  the  basic  idea  of  decelerating  an  atomic  beam.  A  laser 
beam  is  directed  against  an  atomic  beam  and  the  absorbed  photons  slow  down 
the  atoms.  As  the  atoms  slow,  their  Doppler  shift  changes  and  they  go  out 
of  resonance  with  the  laser.  The  two  major  solutions  to  this  problem  are 
to  change  the  frequency  of  the  laser  to  compensate  the  change  in  Doppler 
shift,  and  to  change  the  frequency  of  the  atoms  (by  for  example  a  Zeeman 
shift) . 
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Slide  9  shows  the  effect  on  an  atomic  beam  velocity  distribution  when 
nothing  is  done  to  compensate  the  changing  Doppler  shift.  A  narrow  feature 
is  produced,  but  little  deceleration  occurs  and  only  a  small  part  of  the 
distribution  is  affected.  Slides  10  and  11  show  the  effects  of  using  Zeeman 
tuning  and  frequency  chirping.  These  techniques  can  actually  bring  the 
atomic  beam  virtually  to  rest.  Slide  12  shows  a  view  of  our  Zeeman  tuned 
cooling  apparatus,  and  the  observer  position  for  slide  13  which  is  a 
photograph  of  the  stopped  beam. 


Once  the  atoms  are  stopped  or  going  very  slowly,  the  cooling  scheme  of 
slide  6  can  be  used.  Slide  14  calculates  the  damping  force  on  an  atom  with 
small  velocity.  Slide  15  calculates  the  limiting  temperature,  balancing  the 
rate  of  dissipating  energy  by  damping  with  the  rate  of  gaining  energy  by  the 
random  heating  caused  by  scattering  of  photons  in  random  directions.  Also 
illustrated  is  the  fact  that  with  a  strong  motional  damping  the  atoms  have  a 
short  mean  free  path  and  therefore  a  long  diffusion  time.  This  slow 
diffusion  of  atoms  is  the  molasses  effect.  Note  that  the  numbers  will  be 
quite  different  in  three  dimensions.  Slide  16  shows  the  expected  1-D 
diffusion  time  as  a  function  of  detuning  for  this  "classical"  molasses. 


Slide  17  shows  our  experimental  arrangement  for  observing  molasses: 
Atoms  from  the  atomic  beam,  slowed  by  the  laser,  enter  the  molasses  formed 
at  the  interesection  of  3  orthogonal  pairs  of  counter propagating  laser 
beams.  Here  they  "stick"  for  a  long  time.  Slide  18  is  a  photograph  of  the 
nearly  stopped  atomic  beam  and  the  molasses.  Molasses  was  first  observed  at 
Bell  Labs  in  1985  in  pulsed  experiments.  We  achieve  higher  density  by  using 
a  continuous  process. 


Slide  19  shows  Phil  Gould  and  Pauld  Lett  making  molasses  in  our  lab, 
along  with  a  picute  of  molasses  so  bright  it  can  be  easily  seen  in  daylight, 
Another  picture  of  molasses  is  in  slide  20. 


By  sweeping  the  molasses  laser  frequency  we  can  measure  the  molasses 
brightness  as  a  function  of  frequency  as  shown  in  slide  21.  The  smooth 
curve  is  the  predicted  behavior  of  the  molasses  diffusion  time,  which  should 
be  directly  related  to  the  atomic  density.  Because  of  additional  factors 
affecting  molasses  brightness,  we  also  measured  the  molasses  lifetime,  the 
time  for  atoms  to  diffuse  out  of  the  intersection  of  the  laser  beams.  The 
apparatus  for  this  is  shown  in  slide  22.  The  atomic  beam  and  cooling  laser 
are  chopped  off,  turning  off  the  slow  atoms  into  the  molasses,  and  the 
fluorescence  from  the  molasses  is  observed  as  a  function  of  time. 


Slides  23  and  24  show  typical  loading  and  decay  curves  as  the  source  of 
slow  atoms  to  the  molasses  is  turned  on  and  off.  Slide  24  shows  a  sequence 
of  decay  curves  as  the  molasses  frequency  is  scanned,  and  slide  25  plots  the 
molasses  lifetime  as  a  function  of  frequency  for  two  different  powers.  The 
solid  curve  is  the  theoretical  prediction  for  classical  molasses.  The 
disagreement  is  strong. 


Slide  26  derives  the  expected  drift  velocity  of  atoms  in  molasses  if 
the  laser  beams  are  unbalanced.  The  exact  result  for  classical  molasses 
indicates  a  subtantial  reduction  in  the  molasses  lifetime  for  a  10% 
imbalance.  Slide  27  shows  the  experimental  results  compared  to  the  theory, 
again  with  a  large  disgreement,  more  than  a  factor  of  ten.  Slide  28 
summarizes  possible  reasons  for  the  disagreement.  Most  significant  is  the 


fact  that  at  low  power  the  experimental  molasses  acts  nearly  "normal",  that 
is,  like  classical  molasses.  None  of  the  possible  explanations  have  given 
explicit  predictions  of  the  experimentally  observed  behavior. 

We  now  turn  to  a  consideration  of  dipole  forces  on  atoms  in  laser 
fields.  Slide  29  shows  the  origin  of  the  dipole  potential  in  the  dressed 
atom  picture.  Starting  with  a  ground  and  excited  state  g  and  e,  we  turn  on 
the  laser  field,  but  not  the  interaction  between  atoms  and  laser.  The 
energy  levels  of  atom+field  are  a  ladder  of  pairs  of  nearly  degenerate 
states  separated  by  the  detuning  from  resonance.  When  the  interaction  is 
turned  on  the  nearly  degenerate  states  (  ground  state  with  n+1  photons  and 
excited  state  with  n  photons  in  the  field)  are  repelled  and  mixed,  being 
separated  by  the  generalized  Rabi  frequency.  In  slide  30  we  see  the  case 
for  both  positive  and  negative  detunings  of  the  laser.  The  atom  occupies 
both  dressed  levels,  but  is  predominantly  in  the  one  which  connects 
adiabatically  to  the  ground  state.  This  is  illustrated  by  the  bigger  dot. 
Thus  for  negative  detunings  the  atom  is  more  often  on  the  level  which  has 
its  lowest  energy  at  the  strongest  part  of  the  field.  Details  of  this 
approach  can  be  found  in  Dalibard  and  Cohen-Tannoudj i ,  J.  Opt.  Soc.  B  2, 
1701  (1985). 

The  dipole  force  can  be  exploited  to  make  a  trap.  Slide  31  shows  a 
design  suggested  by  Ashkin  in  1978  and  recently  realized  in  our  laboratory 
for  the  first  time.  Two  laser  beam  with  Gaussian  intensity  profiles  are 
focussed  so  that  they  are  counterpropagating  and  diverging  at  the  center  of 
the  trap. .  For  negative  detunings  the  dipole  force  provides  a  potential  well 
perpendicular  to  the  symmetry  axis,  while  the  radiation  pressure  or 
scattering  force  provides  the  potential  well  along  the  axis. 

A  number  of  refinements  were  needed  before  the  original  idea  of  Ashkin 
cound  be  accomplished.  Gordon  and  Ashkin  realized  that  the  trap  beam  alone 
could  not  provide  the  cooling  needed  to  stabilize  that  trap  and  that 
separate  cooling  was  needed  (slide  32.)  They  also  realized  that  the  dynamic 
Stark  shifts  induced  by  the  trap  would  inhibit  proper  cooling.  Dalibard, 
Reynaud  and  Cohen-Tannoudj i  suggested  alternating  the  trapping  and  cooling 
beams  to  eliminate  this  problem  (slide  33.)  It  was  also  known  that  the 
standing  wave  resulting  from  the  counterpropagating  trap  beams  would  cause 
additional  heating  due  to  fluctuations  in  the  strong  dipole  forces. 
Dalibard  and  Cohen-Tannoudj i  proposed  the  alternation  of  the  two  trap  beams 
to  eliminate  this  effect  (slide  34.)  Finally,  Chu  et  al.  demonstrated  the 
efficient  loading  of  an  optical  trap  from  optical  molasses.  Combining  all 
these  ideas  we  were  able  to  make  such  a  trap,  having  an  volume  over  which 

-4  3 

atoms  could  be  captured,  of  about  10  cm  ,  and  a  density  increase,  averaged 

3  4 

over  the  capture  volume,  on  the  order  of  10  or  10  compared  to  the  molasses 
density. 
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Optical  Trapping  of  Neutral  Atoms  and 
Dielectric  Particles  by  Radiation  Pressure 

A.  Ashkin,  J.  E.  Bjorkholm  and  S.  Chu 
AT&T  Bell  Laboratories 
Holmdel  NJ  07733 


SUMMARY 


Recently  a  number  of  exciting  results  have  been  achieved  in  the  field  of  laser  trapping 

and  manipulation  of  small  dielectric  particles.  Optical  trapping  and  manipulation  of 

Na  atoms  has  been  demonstrated  at  record  low  temperatures  and  record  densities. 

0 

Trapping  of  submicron  Rayleigh  particles  with  diameters  down  to  ~  250  A  has  been 
achieved.  Individual  biological  particles  such  as  viruses,  bacteria  and  small  organisms 
have  also  been  manipulated  with  light.  The  basic  forces  involved  in  trapping  all  these 
rather  diverse  particles  are  the  forces  of  radiation  pressure  which  come  from  the 
momentum  of  the  light  itself. 

This  talk  briefly  traces  the  history  of  the  subject,  gives  some  physical  feel  for  the 
subject,  mentions  some  of  the  principal  results,  and  gives  my  perspective  on  the  future. 
It  concludes  with  a  5  minute  tape  showing  trapping  and  manipulation  of  atoms  and 
biological  particles. 
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MACROSCOPIC  QUANTUM  JUMPS  IN  A  SINGLE  ATOM 

Axel  Schenzle 

University  of  Essen 
4300  Essen 
West  Germany 

Richard  G.  Brewer 

IBM  Almaden  Research  Center 
650  Harry  Road 

San  Jose,  California  95120-6099 

ABSTRACT:  A  single  atom  optical  clock  proposed  over  10  years  ago  utilizes  an 
amplification  scheme  which  only  recently  was  recognized  as  a  novel  problem  in  quantum 
statistics.  The  atom,  a  three  state  system,  has  two  coupled  transitions  that  are  driven 
continuously  by  two  external  fields,  one  being  an  allowed  transition  (l*--*-3)  and  the 
other  a  forbidden  transition  (2*-  -*>3)  where  |  3>  is  the  lowest  state.  It  has  been  argued 
that  the  weak  transition,  which  is  difficult  to  detect,  could  be  monitored  by  the  presence 
or  absence  of  spontaneous  emission  of  the  strong  transition.  Thus,  when  the  atom  is 
shelved  in  the  metastable  state  |  2>,  the  strong  transition  is  extinguished,  but  when  the 
atom  executes  a  single  quantum  jump  (2-* 3),  it  triggers  a  succession  of  perhaps  a  million 
quantum  jumps  (macroscopic  quantum  jumps)  in  the  strong  transition,  an  amplification 
that  can  be  detected  easily.  This  intuitive  argument  for  alternating  bright  and  dark 
intervals  assumes,  however,  that  the  atom  is  always  in  an  eigenstate.  Should  the  atom 
be  in  a  superposition  state,  because  of  coherent  excitation,  one  could  imagine  that  the 
weak  transition  would  merely  reduce  the  intensity  of  the  strong  transition  slightly.  This 
issue  is  resolved,  in  favor  of  the  first  intuitive  argument,  by  calculating  the  photon 
counting  statistics,  the  probability  W(n,T)  of  observing  precisely  n  photon  counting 


events  in  a  collection  T  in  a  quantum  mechanically  consistent  way.  The  results  cannot 


be  described  by  classical  statistics.  A  compact  analytic  form  is  obtained  for  W(n,T)  by 
considering  the  entire  hierarchy  of  correlation  functions  where  the  emission  interval 
peaks  sharply  about  a  particular  n  with  a  Poisson  distribution  and  can  be  comparable  in 
length  to  the  darkness  interval  (n  =  0)  while  the  other  values  of  n  display  vanishingly 
small  probabilities. 
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Are  there  quantum  Jumps? 


J-S.BeU*) 


Geneva,  19  June  1986 


If  we  have  to  go  on  with  these  quantum  jacpt,  then  I'm  sorry  that  1  ever 

got  involved.  ILSchrodinger. 


1.  Introduction 


I  have  borrowed  the  title  of  a  characteristic  paper  by  Schrodinger  (Schrodinger, 
19S2).  In  it  he  contrasts  the  smooth  evolution  of  the  Schrodinger  wavcfunction  with 
the  erratic  behaviour  of  the  picture  by  which  the  wavcfunction  is  usually  supple* 
mented,  or  Interpreted',  in  the  minds  of  most  physicists.  He  objects  in  particular  to 
the  notion  of  'stationary  states',  and  above  all  to  'quantum  jumping'  between  those 
states.  He  regards  these  concepts  as  hangovers  from  the  old  Bohr  quantum  theory, 
of  1913,  and  entirely  unmotivated  by  anything  in  the  mathematics  of  the  new  theory 
of  1926.  He  would  like  to  regard  the  wavefunction  itself  as  the  complete  picture,  and 
completely  determined  by  the  Schrodinger  equation,  and  so  evolving  smoothly  with* 
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Laser  cooling  of  neon  metastable  states 
Fujio  Shimizu,  Kazuko  Shimizu  and  Hiroshi  Takuma 

We  report  the  first  demonstration  of  the  la~er  cooling  of  a 
neutral  atomic  beam  other  than  alkali  atoms.  A  neon  beam  was 
cooled  by  using  the  640nm  transition  between  the  metastable  state 

ls5  ( J  =  2 )  and  2pg  (J  =  3).  We  further  transfered  this  cooled  lss 
metastable  atoms  to  another  metastable  state  lag  (J=0).  The 
population  in  2pg  can  decay  only  to  the  metastable  state  IS5. 
Therefore,  this  metastable  atoms  can  be  cooled  by  the  same  tech¬ 
nique  as  used  for  the  cooling  of  alkali  beams.  The  cooled  atoms 
can  be  transfered  to  another  metastable  state  lsg,  or  to  the 
ground  state,  by  pumping  lsg  population  to  one  of  four  J=1  levels 
of  2p  state  followed  by  spontaneous  decay  to  Is  state,  then  to 
the  ground  state  by  emitting  70nm  VUV  photon.  The  heating  in  this 
process  is  very  small,  because  the  kinetic  energy  gain  by  the 
recoil  momentum  is  very  small  even  for  the  VUV  photon. 

The  experimental  setup  is  basically  the  same  as  the  sodium 
cooling  by  Phillips  et  al.  The  metastable  atoms  are  created  by  a 
dc  discharge,  and  are  extracted  through  a  pinhole  on  the  anode. 
The  beam  passes  through  a  solenoid  ,  which  produces  a  nonuniform 
axial  field.  The  deceleration  laser  with  640nm  is  sent  from  the 
opposite  direction  towards  the  Ne  beam  source.  It  is  usually  cir¬ 
cularly  polarized,  and  its  frequency  is  100  to  200MHz  below  the 
resonance  without  magnetic  field.  The  velocity  distribution  of 
the  decelerated  atom  emerging  from  the  solenoid  is  monitored 
through  the  Doppler  profile  of  ls5_2P7  and  Is3-2p5  transitions, 
by  detecting  70nm  spontaneous  photon  by  an  electron  multiplier. 
To  transfer  the  cooled  lsg  atoms,  to  ls3  level,  a  588nm  laser  is 
crossed  perpendicular  to  the  Ne  beam  approximately  1cm  upstream 
of  the  Doppler  analysis  point. 

The  result  shows  that  a  large  fraction  of  the  lsg  atoms  can 
be  slowed  lOOm/s  suitable  for  the  further  deceleration  and  trap¬ 
ping  by  standing  wave  lasers  or  by  magnetic  field.  Neon  atoms  in 
the  beam  is  expected  in  either  one  of  ls5(  is3  and  ground  states. 
Because  J=2  for  IS5  while  for  others  J=0,  one  can  separate  las 
atoms  by  nonuniform  magnetic  field.  It  is  also  possible  to 
produce  pure  ls3  or  ground  state  atoms  from  lss  atoms  by  various 
laser  pumping  schemes.  Therefore,  by  combining  the  above  cooling 
technique,  we  can  produce  cooled  atoms  in  single  metastable  or 
ground  state.  Those  cooled  atoms  are  of  interest  for  studying 
lifetime  and  dynamics  of  metastable  states. 
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Gigantic  Optical  Nonlinearity 
in  Low  Dimensional  Systems 

Eiichi  Hanamura 

Department  of  Applied  Physics,  University  of  Tokyo, 

Hongo ,  Bunkyo-ku,  Tokyo  113,  Japan 

Artificial  as  well  as  natural  low-dimensional  materials 
are  now  available  in  addition  to  bulk  crystals.  The  material 
system  with  larger  nonlinear  optical  susceptibility,  e.g., 

X  ^  (w; -o. ,  L*, -w)  the  third  order  optical  susceptibility,  is 
being  looked  for  to  realized  more  effective  optical  information 
processor . 

(3) 

First,  we  discuss  the  dimensional  effects  on  x  and 
how  X(3)  increases  when  we  proceed  from  the  bulk  system  of  3- 
dimension  into  the  2-  and  1-dimensional  systems.  Here  the 
larger  x  ^  comes  from  the  enhanced  oscillator  strengths  due 
to  the  stronger  confinements  of  particles  and  the  stronger 
exciton  effect  in  lower  dimensional  system. 

Second,  the  nonlinear  optical  susceptibility  is  shown  to 
be  extremely  enhanced  for  an  assembly  of  microcrystallites  as 
O-dimensional  systems.  This  is  because  the  exciton  is  quantized 
due  to  the  confinement  effect  and  the  excitons  in  a  single 
microcrystallite  interact  enough  strongly  to  make  the  excitons 
deviate  drom  ideal  harmonic  oscillators. 
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MEASUREMENTS  OF  OPTICAL  NONLINEARITIES 
IN  MOCVD -GROWN  GaAs/GaA 1  As  MULTIPLE  QUANTUM  WELLS 


E .  Garmi re  * 

Center  for  Laser  Studies 
University  of  Southern  California 
Los  Angelest  CA  90089-11  IE 


This  paper  reports  on  measurements  of  nonlinear  absorption 
made  by  A.  Kost  and  M.  Kawase  in  material  provided  by  H.  C.  Lee , 
A.  Har i z  and  P.  D.  Dapkus.  The  work  was  supported  by  AFOSR,  ARO 
and  NSF .  Five  samples  with  differing  well  thicknesses  were 
compared.  By  fitting  measurements  of  saturable  absorption  at 
particular  wavelengths  to  excitonic  bleaching  (at  low  intensity 
levels)  and  background  absorption  saturation  (at  higher  intensity 
levels)*  we  are  able  to  infer  the  separate  contributions  to  the 
absorption.  The  well  dependence  of  the  height  of  the  absorption 
contributions  and  also  of  the  saturation  intensities  were 
measured . 


From  measurements  of  the  wavelength  dependence  of  the 
saturable  absorption,  calculations  were  made  of  the  wavelength 
dependence  of  the  change  in  refractive  index.  The  dependence  of 
the  change  in  index  with  intensity  on  or  near  resonance  is 
sub  1 i near . 
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Progress  In  Stabilized  Lasers 


John  L.  Hall 
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Christophe  Salomon 
Jean- Marie  Chartier 
Franco  Wong 

SubDoppler  Optical  Multiplex 
Spectroscopy,  with 
Stochastic  Excitation 


Klaus- Peter  Dinse 
Mike  Winters 
John  L.  Hall 

Joint  Institute  for 
Laboratory  Astrophysics 
Boulder,  Colorado 
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High  Performance  Frequency  Servo 


A  frequency  Servo  system  using  a  Reflection-mode 
phase/frequency  optical  discriminator  and  an  "outside  - 
the-laser"  frequency  transducer  can  achieve  excellent  closed 
loop  performance.  Here  an  Argon  laser  is  stabilized  tightly 
above  200  kHz  so  that  measurement  shot-noise  is  converted 
into  a  corresponding  FM  excursion,  ie  the  servo  null  point  goes 
6  dB  below  the  shot-noise  level.  The  remaining  FM  noise  at  100 
kHz  is  near  the  shot-noise  level  and  can  be  drastically  reduced 
with  additional  low  frequency  gain. 
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Distinguishing  a  Spectral  Line  from  Filtered  Noise 


log  Measurement  time 

In  the  lower-left  sector  the  fast  laser  phase-noise  is  below  one  radian,  so  the 
source  looks  like  a  spectral  line  which  is  (slowly)  drifting  in  frequency.  In  the 
upper-right  triangle,  the  phase  noise  exceeds  one  radian,  and  so  no  appreciable 
sharp  carrier  component  is  left.  Thus  the  field  has  only  a  short  time-coherence 
and  looks  like  white  noise  which  has  been  spectrally  filtered,  in  our  case  by  the 
resonance  filter  represented  by  the  frequency  servo  loop.  Note  that  the  present 
cavity-locked  results  offer  a  line  spectrum  out  to  a  few  seconds,  while  the 
Iodine  resonances  are  too  broad  and  /  or  too  weak  to  give  good  short-term 
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Dynamic  and  Spectral  Properties  of  Semiconductor  Lasers  with 
Quantum  Well,  Quantum  Wire,  and  Quantum  Box  Structures 

Yasuhiko  Arakawa 

University  of  Tokyo,  Roppongi,  Minato-ku,  Tokyo  106  Japan 

Abstract 

Effects  of  reduced  dimensionality  of  electron  motion  alter  various 
properties  of  semiconductor  lasers.  In  fact,  quantum  wel 1  structures  have 
brought  significant  improvements  in  semiconductor  laser  characteristics.  In 
1982,  Arakawa  et.  al.  proposed  the  concept  of  the  quantum  box  laser  as  well  as 
the  quantum  wire  lasers.  In  an  ideal  quantum  box  structures,  electrons  and 
holes  have  highly  localized  wa vefunctions  and  the  state  space  in  each  box  is 
discrete  as  opposed  to  the  quasi  continuum  of  the  bulk.  The  contribution  to 
gain  from  each  ideal  quantum  box  arises  from  a  pair  of  two  level  systems.  In 
this  case,  the  overall  active  layer  would  much  like  a  gas  laser  in  which  the 
quantum  boxes  are  analogous  to  the  atoms  in  the  gas. 

In  this  paper,  we  discuss  dynamic  and  spectral  properties  of 
semiconductor  lasers  having  such  quantum-mechanical  micro-structures,  with 
emphasis  on  the  quantum  box  lasers.  The  theoretical  analysis  indicates  that 
laser  characteristics  are  significantly  improved  in  low-dimensional  electronic 
gas  systems.  In  order  to  demonstrate  the  quantum  box  effects  experimentally, 
we  place  a  quantum  well  laser  in  a  high  magnetic  fields,  in  which  zero¬ 
dimensional  electronic  systems  are  formed  by  both  Lorentz  force  and  the 
quantum  well  potential  effects.  In  addition,  recent  progresses  of  picosecond 
pulse  generation  in  quantum  well  lasers  are  also  discussed. 
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DYNAMIC  AND  SPECTRAL  PROPERTIES  OF  SEMICONDUCTOR  LASERS  WITH 


QUANTUM  WELL,  QUANTUM  WIRE,  AND  QUANTUM  BOX  STRUCTURES 


Y.ARAKAWA 


UNIVERSITY  OF  TOKYO,  TOKYO,  JAPAN 


1.  BASIC  PROPERTIES  OF  ELECTRONS  IN  QUANTUM-WELL(2D) 
STRUCTURES.  QUANTUM-WIRE(ID)  STRUCTURES,  AND  QUANTUM-BOX 
STRUCTURES(OD) 


2.  MODULATION  DYNAMICS 


3.  FIELD  SPECTRAL  PROPERTIES 


4.  EXPERIMENTAL  DEMONSTRATION  USING  HIGH  MAGNETIC  FIELD 


5.  PICOSECOND  PULSE  GENERATION  IN  QUANTUM  WELL  LASERS 
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ELECTRON  BEAM  LITHOGRAPHY 

(1986  Worlock  et  al.,  1987  Temkln  et  al.) 


ETCHING  THROUGH  THE  USE  OF  ANISOTROPIC  PROPERTIES  OF  CRYS' 
(1982  Petroff) 


USE  OF  DISORDERING  EFFECTS  IN  QUANTUM-WELL  STRUCTURES 
(1986  Petroff  et  al.,  1986  Hirayama  et  al.) 


GROWTH  ON  VICINAL  SURFACES 
(1984  Petroff) 
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DEVICE  PHYSICS 


ANALYSIS  OF  ELECTRON  TRANSPORT  IN  QUANTUM-WIRE  STRUCTURES 

(1980  Sakakl ) 


PROPOSAL  OF  QUANTUM-WIRE  LASERS  AND  QUANTUM-BOX  LASERS 

(1982  Arakawa  et  al.) 
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OF  THRESHOLD  CURRENT 
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SUMMARY 


1.  BASIC  PROPERTIES  OF  ELECTRONS  IN  QUANTUM-HIRE  (ID) 
STRUCTURES  AND  QUANTUM-BOX  (OD)  STRUCTURES 

2.  MODULATION  DYNAMICS 
4xfR(QUANTUM-BOX)  3xfR(QUANTUM-HIRE) 

3.  FIELD  SPECTRAL  PROPERTIES 

OC  -O(QUANTUM-BOX)  <X~0.8(QUANTUM-HIRE) 

4.  EXPERIMENTAL  DEMONSTRATION  USING  HIGH  MAGNETIC  FIELD 

B-20TESLA 

SIGNIFICANT  IMPROVEMENTS  IN  MODULATION  DYNAMICS  AND 
SPECTRAL  PROPERTIES  ARE  OBSERVED 


PICOSECOND  PULSE  GENERATION  IN  QUANTUM  WELL  LASERS 
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GAIN  SWITCHING  METHOD 

PULSE  CURRENT  INJECTION 
MATRIX  ELEMNT  MODULATION 


MODE  LOCKING  METHOD 

ACTIVE 

PASSIVE 

(^-SWITCHING  METHOD 

ACTIVE 

PASSIVE 


IN  THIS  TALK 

ACTIVE  Q-SWITCHING  IN  MULTI-QUANTUM  WELL  USERS 
WITH  INTRACAVITY  MONOLITHIC  LOSS  MODUUTOR  (18.6psec) 

GAIN  SWITCING  IN  MULTI-QUANTUM  WELL  LASERS  (1.8psec) 
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empl<«v  a  meth"<i  I  resonant  i  >upling  between  the  two  optical  transitions  via  optical 
sidebands  produced  to  parametric  modulation  of  the  laser  gain  By  this  modulation, 

the  linewidth  J  the  heterodyned  signal  was  reduced  to  25  kHz  (Fig  3  The  minimum  of 

the  imewidth  -brained  is  limited  by  resolution  of  our  linewidth  measurement  system) 
This  value  corresponds  to  suppression  of  the  relative  phase  noise  between  the  two 
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As  an  application  of  these  ultrahigh  coherent  lasers  we  have  used  them  as 
optical  pumping  sources  for  Rb  atomic  clock  of  6  8  GHz  frequency  A  novel  optical- 
microwave  double  resonance  spectral  shape  with  the  linewidth  as  narrow  as  20  Hz  is 
demonstrated  by  utilizing  FM  sidebands  of  the  laser  induced  by  nonlinear  susceptibility 
of  the  three-level  Rb  atoms  (Fig  4)  Theoretical  analysis  shows  that  by  optimizing  the 
modulation  parameters  one  can  realize  ultra-sensitive  microwave  frequency 
discrimination  which  is  about  7500  times  more  sensitive  than  a  conventional  Rb  atomic 
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Microwave  Frequency  (kHz) 


Reference  Signal 


Reference  Signal 

cos(a>«t-$) 

PSD  Output 

Wso  =  Va[(B/2)cos£  +  (C/2)sin£] 

Experimental 
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Theoretical 
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V?so  =  Vq[(B/2)cos#  +  (C/2)sin£?] 
Llnewidth  Reduction  (  1/25  ) 
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Estimation 


Optimization  of  Modulation  and  PSD 
parameters 
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Squeezed  State  in  Degenerate  Parametric  Amplification 
Discussed  by  H.  Takahasi  in  1963 

Koichi  Shimoda 

Department  of  Physics.  Keio  University 
3-14-1  Hiyoshi,  Kohokuku,  Yokohama  223 

Professor  Hidetosi  Takahasi  who  died  in  1985  had  developed 
a  theory  of  quantum  noise  in  1963  by  appropriately  applying 
the  quantum  mechanics  to  a  general  theory  of  communication 
channels . 

He  discussed  the  quantum-mechanical  coherent  state  of  a 
harmonic  oscillator,  and  subsequently  developed  a  quantum 
theory  of  parametric  amplifiers,  in  which  the  squeezed  state 
in  degenerate  parametric  conversion  was  particularly  emphasized. 


§1.  Introduction 

On  January  14,  1963  Professor  Hidetosi  Takahasi,  who  died 
on  June  30,  1985,  gave  a  talk  on  "Semiclassical  theory  and 
quantum  theory  of  photon  noise”  at  a  colloquium  in  the  Depart¬ 
ment  of  Physics,  University  of  Tokyo.  He  presented  his  con¬ 
ception  of  the  coherent  photon  state  and  discussed  that  the 
"squeezed  state”  would  be  produced  in  parametric  amplification. 
These  works  were  first  published  in  August,  1963  in  Japanese.1-1 
His  paper  in  English  entitled  "Information  Theory  of  Quantum- 
Mechanical  Channels”  which  included  these  considerations  was 
published  in  1965. 2) 

It  is  the  purpose  of  the  present  paper  to  reveal  his  early 
consideration  of  the  squeezed  state  in  degenerate  parametric 
amplification.  He  developed  the  theory  in  a  quite  general 
way  so  that  it  could  be  applied  to  either  mechanical,  acoustic, 
electric,  microwave,  or  optical  systems.  In  particular,  the 
Schrddinger  equation  of  a  parametric  oscillator  was  treated 
with  natural  units.  In  the  present  paper,  however',  some  of 
his  terminologies  and  notations  have  been  replaced  by  more 
familiar  ones. 

Although  the  full  treatment  in  the  present  paper  follow 
those  in  ref.l)  and  2).  almost  faithful  quotations  from  ref.l) 
will  be  accompanied  by  quotation  marks. 

§2.  Quantum  Noise  in  Linear  Systems 

Quantum  noise  is  essentially  different  from  classical  noise. 


Classical  noise  such  as  thermal  noise  is  a  definite  physical 


quantity  that  varies  stochastically  with  time.  Quantum  noise, 
on  the  other  hand,  is  the  result  of  uncertaintiesAquantum-mecha 
nical  measurements  which  depend  how  we  observe  what  in  quantum- 
mechanical  terms.  Even  without  any  classical  noise  in  a  system 
we  still  have  a  statistical  relation  between  transmitted  and 
received  signals,  which  arises  from  the  intrisic  nature  of 
quantum-mechanical  observations. 

We  consider  a  linear  system,  either  an  attenuator  or  an 
amplifier,  with  a  black-box  model.  It  is  important  to  see 
that  we  deal  exclusively  with  transmission  of  discrete  samples 
of  signals  with  angular  frequency  rather  than  a  continually 
varying  function  of  time. 

A  simple  calssical  relation  between  the  input  x  and  the 
output  y  of  a  linear  system  is 

y  =  kx  (2.1) 

where  x  and  y  represent  the  strength  of  oscillating  fields, 
so  that  | x i ^  and  |y|*  give  respectively  the  input  and  output 
energies  of  the  observed  mode.  However,  the  relation  (2.1) 
should  be  modified  in  order  to  take  the  effect  of  external 
systems  into  consideration. 

Consider  an  attenuator  for  which  k  <  1.  Then  the  absorbed 
power  must  be  deposited  to  a  heat  reservoir,  external  space, 
or  elsewhere.  Likewise  many  external  systems  are  coupled  to 
the  attenuator  so  that  they  may  bring  in  noise.  A  number  of 
such  external  systems  are  represented  in  our  black-box  treat- 


ment  as  shown  in  Fig.  3,  where  a  lossless  channel  (a  beam 
splitter,  for  example)  is  coupled  with  four  external  systems. 

Here  the  classical  input-output  relations  should  be 
y  -  kx  +  k '  x ' 

(2.  2) 

y’  *  -k'  x  *■  kx' 

where  the  coefficients  have  been  made  real  by  adjusting  the 
time  origins  of  x,  x',  y.  and  y' .  The  energy  conservation 
requests  that 

k2  *  k' 2  =  l  or  ■  4  l  -k*.  (2-3) 

In  quantum-mechanical  measurements,  x'  includes  zero-point 
fluctuations  even  in  the  ground  state  of  the  lowest  energy. 

If  we  further  assume  that  x'  and  y'  are  co-ordinates  of 
harmonic  oscillators  having  the  same  natural  frequency,  the 
pair  of  coordinates  (x,  x' )  may  be  thought  of  as  representing 
a  two-dimensional  (isotropic)  oscillator.  Likewise  (y,  y' ) 
may  represent  the  coordinates  of  a  two-dimensional  oscillator. 
We  now  see  that  actually  these  two  two-dimensional  oscillators 
are  identical  and  that  (2.2)  is  a  coordinate  transformation 
relating  these  two  pairs  of  coordinates.” 

In  quantum  mechanics  x.  x' ,  y.  and  y'  are  regarded  as  an¬ 
nihilation  operators,  while  their  hermitian  conjugates  are 
creation  operators.  They  satisfy  commutation  relations: 

[x,  xt]  -  l.  [x\  x't]  =  1.  [x\  xfJ  -  0 

and  similar  commutation  relations  for  y,  and  y'.  These  rela¬ 
tions  are  inconsistent  with  (2.1)  except  when  k  -  l ,  so  that 
we  should  use  (2.2)  and  (2.3). 
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than  1.  Thus  k'  must  be  imaginary  from  (2.3),  since  k2  >  l . 
If  we  shift  time  origins  for  x  and  y  by  tz/4^  and  those  of 
x'  and  y'  by  -7t/4tO  ,  the  relations  for  an  amplifier  can  be 
written  with  real  coefficients  k  and  k'  in  the  form 


y  =  kx  *  k '  x  ' 
y ’  =  k'x  «■  kx' 


k2  -  k' 2  -  2  .nr  k ' 


(2.4) 


(2.  5) 


Quantum-mechanical  interpretation  for  (2.4)  requires  tnat, 
while  x  and  y  are  annihilation  operators,  x’  and  y'  are  not 
annihilation  but  creation  operators.  This  situation  is  related 
to  the  negative  temperature  in  the  laser  and  the  effective 
negative  energy  quanta  in  the  amplifier. 


§3.  Wave  Packet  for  a  Parametric  Oscillator 

"The  characteristic  property  of  a  degenerate  parametric 
amplifier  is  its  phase- locking  property.  In  other  words,  it 
amplifies  one  vector  component,  say,  the  cosine  component  of 
a  sinusoidal  input  signal,  while  it  attenuates  the  quadrature 
(sine)  component.  This  unique  property  of  degenerate  paramet¬ 
ric  amplification  will  be  discussed  from  a  quantum-mechanical 
standpoint. 

Instead  of  employing  the  more  customary  approach  using  a 
molecular  model  of  the  nonlinear  optical  system  based  on  the 
higher-order  perturbation  theory,  we  will  Cake  a  simple  classi- 
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cal  model  of  a  harmonic  oscillator  having  a  time-varying  force 

constant  and  to  try  to  solve  the  corresponding  Schrbdinger 

equation.  While  such  a  model  seems  to  have  little  resembrance 

to  the  multiple  quantum  transition  scheme  of  parametric  action 

the  property  of  wave  equations  obtained  for  such  a  variable 

parameter  system  would  be  an  interesting  problem  in  quantum 

mechanicswhich  can  be  solved  rigorously." 

•\ 

The  Schrddinger  equation  for  a  harmonic  oscillator  with  an 
effective  mass  m  is  expressed  as 


i  c 


V£V 

d/C- 


(3.  1  ) 


where  K  -  m  will  be  modulated  in  a  parametric  oscillator. 
Equation  (3.1)  is  known  to  have  a  solution  which  represents  a 
wave  packet  in  the  form 

if  =  exp(-ax2  *  bx  *  c>  (3.2) 

where  a.b.  and  c  are  functions  of  time.  We  find 

if  2  -  exp[-2(Re  a)x 2  *  2( Re  b  )x  *  2( Re  c)  ]  (3.3) 

so  that  the  width  of  this  Gaussian  distribution  is 

Ax-  (4Re  a )  ^  (3.4) 


and  the  position  of 
Re  b 


Let  us  put  (3.2) 
we  obtain 

2 iftm( -ax2  * 


the  maximum  probability  is  given  by 

-  (3.5) 

a 

into  the  SchrOdinger  equation  (3.1). 


bx  *  c)  -  - fi2(4a2x 2  -  4abx  *  b2  -  2a)  * 


Then 


mKx 
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Since  both  sides  are  polynomials  of  the  second  order  in  x.  we 
obtain  a  set  of  equations  as  follows: 


2 ifima  =  4fi2 a2  -  mK 

(3.  6) 

2imb  =  4f\ab 

(3.  7 ) 

2imc  =  fi( 2a  -  b2  ) 

(3.  8) 

we  write 

im  i 

<3  -  ”  - f - 

(3.  9) 

2K  £, 


we  obtain 

m  i  =  -  KZ,  (3.10) 

which  is  exactly  the  classical  equation  of  harmonic  oscillation 
when  K  is  constant. 

To  obtain  and  Jx,  we  have  to  calculate  Re  a  and  Re  b. 
We  find 


Re  a  =  -^-a2 
im 


c.  c. 


4b_ 

m 


(Re  a) ( Im  a) 


from  (3.6),  and 


-  £l 

it 


i  v  "  >i 


c  .  c .  = 


c .  c . 


from  (3.9).  Equations  (3.11)  and  (3.12)  give 
~(  I  4 \l  Re  a)  -  0 

so  that 

%  Re  a  *  C  ^ 

where  C ^  is  a  constant. 


(3.11) 


(3.  12) 


(3.  13) 
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Equation  (3.7)  is  solved  by  using  (3.9) 


i _ i_ 

k  "  *> 

to  give 

b  =  Cy/2,  _  (3.  14) 


Here  the  integration  constant  is  related  to  the  unit  for 
measuring  the  magnitude  of  o . 

Equation  (3.5)  is  then  written  as 


C, 

4,  *■*««.' 

If  we  take  2C ^ 

lating  wave  packet 

x  -  Re  4  . 
m  ~ 


for  convenience, 
is  given  by 


the  center  of  the  oscil- 

(3. 15) 


Now  a  parametric  oscillator  can  be  represented  by  using 


K(t)  *  +  2qcos2*>  t  ] 


(3.  16) 


where  is  the  natural  frequency  of  oscillation  for  g  -  0. 

We  will  treat  the  simplest  case  of  resonant  excitation  from  t  - 

0  to  t,.  when  uo '  -  and  g  «2.  The  general  solution  of  (3.10) 

a. 

for  q  *  0,  when  t<0  or  t^<t,  is  written  in  the  form 

%'  V  *  A2e  (3.27) 


We  obtain 


'  Jx)*  .  -  -  C.C. 

s  ia,;%  >4^  -r  a, Aj  e‘'~ £  a,“a^  e 

:a,i  *■  -  iaj* 


t 


—  <3.18) 


from  (3.4)  and  (3.9). 


We  see  that  harmonic  oscillation  of  a  wave  packet  with  a 


«»$» 

iV,  • 

i» ' 


.*HV 


m 

H 

$51 
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i 
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constant  width  corresponds  to  the  case  *  0  end 


(3. 19; 


so  that  the  locus  of  ^  becomes  a  circle. 


'The  form  (3.17)  obviously  applies  to  the  part  t < 0  as  well 


as  to  the  part  t>ty  If  we  use  Ay  A ^  to  denote  the  coeffi¬ 


cient  values  valid  before  amplification  fi.e.,  t^O)  and  By  B ^ 


to  denote  the  values  valid  after  amplification  (t>t^),  then 


we  must  have  a  linear  relation 


B 1  =  kllAl  *  k12A2 


(3.20) 


B2  ''  k2lAl  *  k 22A2 


which  completely  describes  the  characteristics  of  the  amplifi 


cation.  Here  we  note  that  the  relation  (3.20)  must  give  real 


final  values  of  ^  if  we  give  real  initial  values  for  ^  ,  since 


the  differential  equation  has  only  real  coefficients.  Since 


*  0 

rea L  values  of  ^  correspod  to  the  conditions  A^  -  A^  and  8^,=  S^, 


we  put  these  in  (3.20)  and  get  the  conditions 


If  -  Is 

21  12 


(3.  21) 


for  the  transformation  coefficients. 


By  properly  shifting  the  time  origins  in  both  input  and 


output  independently,  we  can  make  the  coefficients  real  and 


positive,  so  that  (3.20)  may  become 


B i  •  kA i  *  k‘  A  ^ 


(3.  22) 


B2  ’  k’A^  *  kA^ 
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Invariance  of  the  Wronskian,  B^\2  ~  =  !Al!^  ~  A2X  2  • 

requires  that  condition 

k2  -  k'  2  *  l  ,  (3.23) 

The  relation  (3.22)  can  be  thought  of  as  a  canonical  form  of 
the  input-output  relation  for  a  degenerate  parametric  amplifier. 
It  is  not  only  gives  the  relation  for  the  center  of  distribution 
(mean  value)  but  also  gives  the  relation  for  the  width  (or 
variance) . " 

Let  us  apply  (3.22)  to  an  input  wave  packet  corresponding 
to  the  coherent  state  of  an  optical  signal  as  given  by 


;0=  A0e 


i<*  t 


(3.24) 


From  (3.18)  its  width  is 

A*o  '/sfc  . 

Then  the  output  is  given  from  (3.22)  by 

■r  =  kAQe  * +  k'AQe  (3.26) 

and  the  width  of  the  output  wave  packet  is  calculated  from 
(3.18)  to  be 


A  x  -  Ax^jk2  *  k' 2  *  2kk'cos2 


wt 


(3.21 > 


This  shows  how  the  width  varies  with  time.  Since  k'  *  ,j k 2 
we  find  that 


-  L. 


2*max  A*0  ■  k  ■  !k‘  •  2 


21  x  .  Zlxn  -  k  -  J  k2  -  1  -  ZxA,  Ax 
min  0  0  max 


The  center  position  of  the  wave  packet  is  obtained  from 
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(3.15)  to  become 

X*  -  |£>|  COS  p  (3.  28) 

where  p  is  the  phase  angle  of  £.  =  |4|  e  *  ^  •  From  (3.26)  we 
obtain 

|  £,  | 2  -  ]A^|2(k2  +  k'2  +  2kk  ’  cos2  t )  (3.29) 

The  signal - to-noi se  ratio  of  the  output  is  hence  written  in 
the  form 

x  |  An  1 

(S/N)  =  -HL  =  cos  p  (3.30) 

Ax  AxQ 

from  (3.27,  28,  and  29).  Since  |Ag|  =  j Re  4|  is  the  amplitude 
of  the  input  signal  and  Ax^  the  input  noise,  the  S/N  of  the 
output  is  equal  to  that  of  the  input  signal,  provided  that 
the  output  is  observed  at  an  instant  when  becomes  real  (  f 
«  0).  It  is  tote*  noted  that  the  instant  for  the  maximum  value 
of  S/N  does  not  in  general  coincide  with  the  instant  of  maxi¬ 
mum  deviation  (maximum  of  Re  %  ) . 

"If  we  take  a  limit  %  0 .  we  obtain  a  pulsating  wave 

packet  whose  center  is  at  rest.  In  classical  oscillators, 
parametric  excitation  has  no  effect  whatever  if  it  is  initially 
at  rest.  In  quantum-mechanical  oscillators,  on  the  contrary, 
the  wave  function  can  make  a  natural  pulsating  oscillation  at 
a  frequency  twice  the  natural  frequency  of  translatory  oscil- 
Lation,  and  application  of  parametric  excitation  at  the  fre¬ 
quency  of  this  natural  pulsating  oscillation  results  in  the 
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building-up  of  Che  pulsation,  quite  independently  of  the  exis¬ 
tence  of  translatory  oscillation.  The  pulsation  of  wave  packet 
may  somehow  be  regarded  as  amplification  of  the  zero-point 


fluctuation. 

If  there  is  a  translatory  oscillation,  this  will  also  build 
up  (Fig.  2),  and  the  ratio  of  the  amplification  of  this  trans¬ 
latory  oscillation  is  just  equal  to  the  amplification  of  zero- 
point  fluctuation  if  it  has  a  proper  phase,  as  we  have  shown. 

I f  we  use  qg  and  Pg  instead  of  A^  and  A^  ,  and  g  and  p  ins¬ 
tead  of  B i  and  B using  the  relations 

q0  =  A1  *  A2'  P0  = 


(3.  31) 


g  «  B  ^  +  ®2'  P  *  i  “V  m(B £  -  B2) 


then  (3.22)  are  transformed  to 
«  -  (k  +  k')q0 

(3.  32) 

p  -  (k  -  k' )p0 

Obviously,  g^  and  g  have  the  meaning  of  the  coordinates,  and 

P  and  p  the  velocities  or  momenta,  at  the  specified  instant, 
o 

It  would  be  appropriate  at  this  point  to  make  some  remarks 
from  the  standpoint  of  quantum-mechanical  measurement. 

In  quantum  mechanics,  measurements  of  the  cosine  and  sine 
components  of  oscillation  may  be  regarded  as  the  measurement 
of  coordinate  g  and  the  momentum  p,  respectively.  In  fact  a 
harmonic  oscillator  is  a  system  in  which  the  roles  of  g  and  p 
are  constantly  being  interchanged,  but  we  can  define  a  measure¬ 
ment  of  g  and  p  by  specifying  a  fixed  time  point  to  make  the 


measurement. 


Our  results  are  in  good  accord  with  the  uncertainty  principle 
The  input-output  relations  (3.22)  satisfy 

Ap  -  AqQ  Lp0  (3.33) 

since  k2  -  k' 2  =  1 .  In  the  absense  of  input  signal  we  have 
A  <?o  =  L xQ  and  /'  pQ  =  u jm  Axq,  where  AxQ  is  given  by  (3.25) 
so  that  we  can  find 

Aq  Ap  z  *Om(  A  xQ)2  =  fi/2  (3.34) 

which  is  exactly  the  uncertainty  relation. 

From  what  has  been  said,  we  may  regard  the  degenerate  para¬ 
metric  amplifier  as  a  practical  method  of  observing  either  q 
or  p  with  arbitrary  accuracy.  We  have  seen  that,  in  the  de¬ 
generate  parametric  amplifier,  the  minimum  noise  just  equals 
the  zero-point  fluctuation  multiplied  by  the  amplification 
factor,  so  that  no  deterioration  of  S/N  ratio  results.  This  is 
in  contrast  to  the  case  of  an  ordinary  amplifier  where  noise 
was  / 2k2  -  l  times  the  zero-point  fluctuation,  and  for  large 
k  we  have  a  3-dB  deterioration  of  the  S/N  ratio,  and  it  is 
of  some  interest  to  study  this  point  in  some  detail. 

Apparently,  this  3-dB  difference  may  be  regarded  as  a  com¬ 
pensation  for  the  loss  of  information  on  the  quadrature  com¬ 
ponent  in  the  degenerate  parametric  amplifier.  In  order  to 
make  the  argument  convincing  we  take  the  follwing  mode1  (Fig.  3) 
We  have  two  degenerate  parametric  amplifiers,  the  g-amplifier 
and  p-amplifier,  which  will  be  used  for  amplifying  the  two  com- 


ponents  separately.  The  input  signal  coming  into  a  waveguide 
is  divided  using  an  ideal  branch  and  is  fed  into  these  ampli¬ 
fiers.  Their  outputs  are  again  combined  using  another  branch, 
so  that  we  have  an  output  which  would  appear  as  i f  an  output 
of  an  ordinary  amplifier.  What  would  be  the  overall  S/N  ratio 
of  this  whole  system? 

Let  the  input  power  S/N  be  a2  (with  respect  to  quantum  noise). 
At  the  input  of  each  amplifier,  we  would  have  an  S/N  ratio 
of  a2/2.  since  the  signal  power  is  halved  by  the  branching, 
while  the  noise  remains  the  same.  Or  we  can  say  that  noise 
power  is  also  halved,  but  the  same  amount  of  noise  power  is 
added  that  comes  from  the  blind  guide.  The  output  branch  would 
also  cause  a  minimum  power  loss  of  3dB,  but  this  is  immaterial 
for  the  S/N  consideration  since  we  now  have  a  sufficiently 
strong  signal.  Hence  we  see  that  over-all  S/N  ratio  is  3dB 
less  than  a  single  phase- locking  amplifier,  that  is,  just  equal 
to  an  ordinary  amplifier." 

§4.  Conclusion 

We  have  seen  that  the  degenerate  parametric  oscillator  allows 
us  to  measure  either  the  cosine  component  g  or  the  sine  com¬ 
ponent  p  of  a  coherent  wave  with  any  accuracy  within  the  limit 
of  the  uncertainty  relation  -g  Lp  =  fi/2. 


Furthermore,  photon  interpretation  of  parametric  excitation 
and  the  probability  distribution  of  photon  numbers  in  the  case 
of  a  degenerate  parametric  amplifier  were  discussed  in  detail 
in  ref.  1),  pp.  284-291. 

At  the  time  when  Professor  Takahasi  proposed  in  1963  that 
the  quantum  noise  could  be  squeezed  in  degenerate  parametric 
oscillation,  no  optical  parametric  oscillation  had  been  achieved. 
Although  the  optical  parametric  oscillator  was  believed  to  be 
realizable,  the  required  driving  power  was  believed  to  be  too 
high  at  that  time  to  consider  any  application  to  low-noise 
measurements. 
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Figure  Captions 

Fig. 1  Schematic  diagram  of  an  attenuator  or  a  linear  amplifier 

Fig. 2  Parametric  amplification  of  a  wave  packet.  Note  that 
S/N  ratio  is  unchanged  at  the  peak  points. 

Fig. 3  Combination  of  two  phase- locking  amplifiers;  equivalent 
to  an  ordinary  amplifier. 
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Summary 

In  our  laboratory  squeezed  states  of  light  have  been  generated  in  two  distinct  physical 
systems.  The  first  experiment  investigates  squeezing  for  two-level  atoms  coupled  to  the 
intracavity  field  of  a  high  quality  optical  resonator.  For  large  coupling  of  the  atoms  to  the  cavity 
field,  there  is  a  mode  splitting  in  the  eigenvalue  structure  of  the  system  analogous  to  the 
splitting  found  when  two  otherwise  independent  pendulums  are  coupled  by  a  spring.  We  employ 
the  coupling-induced  structure  of  the  composite  system  to  generate  squeezing  (1-3).  The 
second  experiment  involves  the  process  of  degenerate  parametric  down  conversion  in  which  a 
photon  of  frequency  2u  is  split  into  a  correlated  pair  of  photons  at  the  subharmonic  frequency  w. 
While  we  have  observed  noise  reductions  of  greater  than  60%  relative  to  the  vacuum-state 
limit,  a  quantitative  analysis  of  the  various  propagation  and  detection  losses  in  the  current 
apparatus  indicates  that  the  field  would  in  fact  be  squeezed  more  than  ten-fold  in  the  absence  of 
these  losses.  Quite  recently  we  have  made  use  of  the  squeezed  light  to  demonstrate  that  precision 
measurements  can  be  made  with  a  sensitivity  greater  than  that  given  by  the  vacuum-state  or 
shot-noise  limit. 
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PULSED  SQUEEZED  LIGHT 
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Generation  of  interesting  quantum  states  of  light,  including  squeezed  states  and 
number  states,  requires  a  large  nonlinear  interaction  (or  nonlinear  phase  shift 
AoslI-  At  the  same  time,  the  length  of  the  nonlinear  generating  medium  must 
be  short  enough  so  that  there  is  very  small  loss,  a(.  «  1  where  a  is  the  linear 
absorption  constant  and  C  is  the  effective  length  of  the  nonlinear  medium.  A 
pulsed  pump  field  can  be  used  in  many  nonlinear  systems  to  obtain  high  peak 
powers  and  the  nonlinear  phase  shifts  Aoyp  ~  1  required  for  quantum  light 
states  in  media  which  are  sufficiently  short  to  obtain  aC  «  I.  There  is  also  a 
broader  range  of  high-intensity  laser  pump  sources  available  in  a  pulsed  mode. 
This  talk  describes  an  extension  of  standard  generation  and  homodyne  detection 
experimental  techniques  to  the  pulsed  case.  An  earlier  paper  referenced  in  V-l 
described  the  theory  upon  which  these  experiments  are  based.  It  is  expected 
'hat  by  using  mode-locked  pulse  trains  as  the  pump  laser  and  a  portion  of  the 
pulse  train  as  the  local  oscillator  for  the  homodyne  detector  that  squeezing  can 
be  observed  which  is  comparable  to  the  C’W  case  but  which  corresponds  to 
generation  by  the  peak  laser  pump  intensity  in  the  pulse  train.  No  cavity  is 
required  in  cases  where  the  peak  pump  intensity  is  sufficiently  large.  This 
allows  squeezing  over  very  large  bandwidths  limited  only  by  phase-matching 
conditions  in  the  nonlinear  medium. 

A  number  of  interesting  quantum  phenomena  may  be  associated  with  pulsed 
conditions  including  quantum  noise  on  soliton  pulses  propagating  in  optical 
fibers,  free  electron  nonlinearities,  pulsed  communications  or  data  processing 
systems  and  short  time  scale  measurements.  An  example  of  short  time  scale 
measurements  is  interferometry  where  the  shot  noise  limit  will  be  a  dominant 
limitation  at  very  short  times  (~  ps  or  fs)  when  there  are  very  few  photons  per 
pulse. 

Yiewgraphs  3  through  8  describe  the  analysis  of  pulsed  squeezing.  .-Vs  shown  in 
W-6.  the  optimum  noise  reduction  in  the  Gaussian  pulse  envelope 
approximation  is  only  slightly  reduced  from  the  CW  case  or  the  case  when  the 
local  oscillator  pulse  length  fpo  «  fp  the  pump  pulse  length. 

Yiewgraphs  7  and  8  describe  a  pulsed  LO  homodyne  detector  which  is  working 
at  present.  Limits  due  to  amplifier  and  photodiode  saturation  restrict  the 
dynamic  range  of  this  detector.  A  balancing  network  between  the  photodiodes 
and  the  amplifier  reduces  the  amplifier  saturation  problem. 
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Experiments  in  progress  are  described  in  \T‘  9-12.  G.AWBS  noise  in  the  glass 
fiber  experiment  is  still  a  problem  in  the  pulse  case,  since  this  extra  phase 
modulation  noise  scales  with  the  peak  pump  power.  A  parametric  down- 
conversion  experiment  using  KTP  will  probably  allow  a ‘demonstration  of  pulsed 
squeezing  but  the  noise  reduction  is  not  expected  to  be  spectacular. 

The  talk  concludes  with  a  short  discussion  of  pulsed  measurement  of 
interference  in  phase  space  (\T*  13)  and  a  summary.  A  paper  on  this  topic  is  in 
preparation  and  will  be  available  this  fall. 
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Why  Pulsed? 

Generation  of  Pulsed  Squeezed  Light 
Homodyne  Detection 
Experiments 

A.  Detector 

B.  Glass  Fiber 

C.  Bananas 

D.  KTP 
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Theory  -  Bernard  Yurke 
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III.  No  Cavity  Required 

Broad  Band  Squeezing 

IV.  Interesting  Pulsed  Phenomena 

—  Quantum  Noise  on  Solltons  In  Optical  Fibers 
—  FEL,  TOK,  etc. 

—  Atomic  Radiation 

—  Communications  Systems  t  Data  'Process 
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I.  Broader  Spectral  A  Materials  Range 
Accessible  for  Squeezed  Light 

II.  Homodyne  Detection  Works 

III.  No  Cavity  — Broadband  Squeezing 

IV.  Applications 

A.  Quantum  Noise  on  Solltons 

B.  Relativistic  Electron  Squeezing 

C.  Pulsed  Atomic  Excitation 

D.  Pulse  Trains  In  Data  Storage  or  Communications 
F  *5Hort  Time  Scale  "Precision  Measurement 


Quantum  Nondemolition  Detection  and  Squeezing  in  Optical  Fibers 

M.D.  Levenson,  R.M.  Shelby,  and  S.H.  Perimutter 


IBM  Almaden  Research  Center 
650  Harry  Road 
San  Jose,  CA  95120 


The  nonlinear  optical  interactions  in  an  optical  fiber  permit  the  amplitude 
of  one  wave  to  be  inferred  from  the  phase  of  a  coupled  wave,  and  the  partial 
suppression  of  quantum  noise. 


Conventional  light  detectors  must  destroy  the  quantum  state  of  the  electro¬ 
magnetic  field  in  order  to  measure  its  amplitude.  They  are  Quantum  Demolition 
detectors.  The  nonlinear  index  of  refraction  of  an  optical  fiber  permits  one  to  infer 
the  amplitude  of  one  wave  by  measuring  the  light  induced  phase  shift  of  a 
nonlinearly  coupled  wave.  This  process  has  been  termed  Quantum  Nondemolition 
Detection  or  Back  Action  Evading  Measurement.  The  amplitude  of  the  first  wave 
is  unchanged  by  the  interaction.  That  amplitude  is  the  QND  variable;  the  phase  of 
the  second  wave  is  the  QND  readout.  The  uncertainty  which  quantum  mechanics 
requires  to  be  added  to  a  system  being  measured  appears  in  the  phase  of  the  first 
beam,  not  its  amplitude,  thus  the  back  action  is  evaded. 

We  have  demonstrated  this  effect  by  correlating  the  QND  readout  with  a 
subsequent  QDD  measurement  of  the  QND  variable  (1).  We  have  demonstrated 
back  action  evasion  by  showing  that  the  QND  variable  at  the  output  of  the  detector 
has  no  greater  noise  than  at  the  input  -  which  was  at  the  vacuum  noise  level. 

When  the  correlated  noise  on  two  coupled  laser  beams  is  made  to  subtract 
coherently,  the  net  noise  level  can  be  below  the  vacuum  noise  level.  This  effect  has 
been  termed  "four-mode  squeezing"  since  the  fluctuations  involve  two  sidebands  of 
each  of  two  strong  pump  waves  (2).  The  noise  on  each  beam  can  separately  be  above 
the  vacuum  noise  level,  but  strong  four  mode  correlations  can  lower  the  sum  of  the 
noise  at  two  detectors  to  a  value  below  the  vacuum.  Indeed,  the  correlations  can 
be  so  strong  that  the  noise  on  the  two  detectors  can  be  less  than  that  on  one  of  them 
(3). 


It  is  necessary  to  cool  the  optical  fiber  to  2K  to  suppress  phase  noise  caused 
by  light  scattering  in  the  optical  fiber.  The  stimulated  Brillouin  effect  must  be 
suppressed  by  phase  modulating  the  light  to  broaden  the  spectrum.  The  modulation 
frequency  must  be  exactly  equal  to  the  mode  spacing  of  the  Fabry  Perot 
interferometer  needed  to  phase  shift  the  carrier  wave.  Other  experimental 
innovations  are  necessary  to  accurately  measure  the  vacuum  level  and  to  maximize 
the  effective  quantum  efficiency. 
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The  same  nonlinear  interactions  in  an  optical  fiber  give  rise  to  conventional  two¬ 
mode  squeezing  (4).  The  fluctuations  in  the  amplitude  of  the  beam  cause  correlated 
phase  fluctuations  of  that  beam.  The  nonlinear  index  of  refraction  cannot  alter  the 
amplitude  of  a  wave.  The  correct  superposition  of  amplitude  and  phase  quadratures 
has  been  shown  to  have  a  noise  level  12.5%  below  the  vacuum  level. 

Squeezed  light  has  the  property  that  the  ratio  of  noise  to  intensity  rises  as  the 
light  is  attenuated  (5).  The  squeezed  light  generated  in  an  optical  fiber  is  not  a 
minimum  uncertainty  state  as  light  scattering  adds  phase  noise. 
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Conventional  light  detectors  measure  the  amplitude  of  a  light  beam  by 
absorbing  photons  and  thus  destroying  the  quantum  state.  They  are 
QUANTUM  DEMOLITION  devices. 

Quantum  Demolition  Detector  (QDD) 


Light  Absorbed 


Quantum  Nondemolition  Detectors  (QND) 
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No  Absorption.  Phase  becomes  more 
uncertain  after  each  measurement. 


Quantum  Nondemolition  Measurement  System 


A  QND  measurement  system  would  allow  small  amplitude  changes  due  to 
a  sample  to  be  determined  by  comparing  before  and  after  amplitudes.  ^ 
Such  measurements  can  be  more  accurate^um  the  s  ot  noise  imi  . 


li-wsi-m 


Noise  Power  (Rel.  Units) 


Frequency  (MHz) 

Noise  below  the  sum  of  independent  noises  at  two  detectors  shows  quantum 
correlations  in  the  QND  signal.  \ 


Difference  between  traces  (b)  and  (d)  is  the  standard  quantum  limit  noise 


level  on  detector  DY. 
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Minima  of  sinusoid  is  1  dB  below  sum  of  vacuum  noise  levels  on  two 
detectors. 


1.7-1 


THIS  IS  FOUR  MODE  SQUEEZIN 


SQL  (DX+DY) 


DY  noise  is  at  the  Standard  Quantum  Limit,  DX  noise  level  is  above,  BUT 
with  correct  gains,  the  sum  of  the  noise  is  below  the  quantum  level  on 
detector  DY. 
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The  same  nonlinearity  can  give  rise  to  a  squeezed  state  of  light.  The  am¬ 
plitude  fluctuations  of  the  beam  cause  correlated  fluctuations  of  the  phase 
of  that  wave.  The  amplitude  fluctuations  are  unaffected.  The  uncertainty 
circle  characteristic  of  a  coherent  state  is  convened  to  the  ellipse  of  a 
squeezed  state.  Phase  shifting  the  average  amplitude  permits  the  creation 
of  a  strong  beam  with  suppressed  amplitude  or  phase  noise. 
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The  phase  modulation  is  at  the  cavity  mode  separation  frequency. 
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The  noise  level  depends  upon  phase  and  falls  12.5%  below  the  vacuum 
noise  level  or  SQL.  This  beam  is  not  a  minimum  uncertainty  state  because 
of  excess  phase  noise  added  by  light  scattering  in  the  fiber  -  even  at  2K. 
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When  the  squeezed  beam  is  attenuated,  the  noise  level  rises  towards  the 
noise  level  characteristic  of  coherent  light. 
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Effect  of  Attenuation  on  Squeezed  Light 
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Optical  Properties  of  Quantum  Well  Structures  with  Electric  Field 
:  Life  Time  Free  Switching  of  Luminescence  Intensity 
and  Virtual  Charge-Induced  Ultrafast  Optical  Nonlinearity 

Masamichi  Yamanishi 

Department  of  Physical  Electronics, 

Hiroshima  University 
Saijocho,  Higashi-Hiroshima ,  724  Japan 

New  modulation  schemes  for  luminescence  intensity  and  for 
attaining  an  ultrafast  optical  nonlinearity  are  discussed, 
pointing  out  possibilities  of  field  controlled  light  emitters  and 
of  ultrafast  control  of  quantum  states. 

(a)  Dynamics  of  field  control  of  luminescence  intensities  in 
GaAs/AlGaAs  quantum  well  structures. 

High  speed  photoluminescence  (PL)  switching  by  electric 
field-induced  carrier  separation  inside  the  Quantum  Well  (QW), 
combined  with  carrier  escaping  out  from  the  well  to  the  barrier 
layer  is  demonstrated  to  be  free  from  carrier  life  time  limita¬ 
tion.  A  new  technique  for  evaluating  radiative  life  time  is 
also  shown. 

Figure  1  shows  the  PL  response  for  a  short  pulsed  voltage 
applied  to  a  p-i-n  diode  with  a  GaAs ( 1 00A ) / AlAs ( 300A )  multi-QW 
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structure.  The  300psec  delay  of  PL  from  the  pulsed  voltage  was 
observed  to  be  much  shorter  than  the  life  time  (30nsec). 
However,  for  a  consecutive  input  pulse  train,  the  PL  response 
was  degraded  with  the  increasing  number  of  the  input  pulses  as 
shown  in  Fig. 2(a)  as  long  as  the  radiative  recombination  domi¬ 
nates  over  nonradiative  processes  under  the  condition  of  a 
constant  generation  rate.  In  order  to  solve  this  problem,  we 
examined  a  modulation  scheme  in  which  a  field-induced  increase  in 
radiative  life  time  is  combined  with  a  field-induced  decrease  in 
nonradiative  life  time  due  to  the  carrier  leakage  at  a  high 
field.  One  of  the  examples  of  such  a  modulation  is  shown  in 
Fig. 2(b),  indicating  a  significant  improvement  of  the  PL 
responses  for  the  consecutive  pulses.  Figure  3  shows  overall 
life  time  and  radiative  life  time  of  the  carriers  obtained  with 
the  transient  response  of  PL  for  pulsed  electric  field,  as 
functions  of  the  applied  field.  The  new  technique  will  be,  in 
more  detail,  discussed  at  the  presentation. 

The  obtained  result  can  convince  us  of  the  realization  of 
the  proposed  light  emitter.1  * 


b)  Ultrafast  optical  nonlinearity  by  virtual  charge  polarization 
in  DC  biased  quantum  well  structures 


A  new  concept  on  field-induced  optical  nonlinearity  due  to 
virtual  transitions  in  QW  structures^*  will  be  proposed,  showing 
some  examples  of  theoretical  result  on  the  nonlinearity.  In  3  QW 
structure  subjected  to  DC  electric  field  Eg,  negative  and  posi- 


tive  electric  charges  of  which  spatial  profile  are  given  by  wave 
function  at  the  subbands  (1e,  2e,***,  and  Ihh,  2hh,*",  1  £,h, 
2Jlh,***)  induced  by  the  virtual  transitions  due  to  an  intense 


pump  light  with  a  photon  energy  TiiUp  far  below  the  band  gap  may 
produce  a  screening  field  Es,  cancelling  out,  to  some  extent,  the 
external  bias  field  Eg  (see  Fig. 4).  As  a  result,  one  may  expect 
a  blue  shift  of  the  energy  gap  and  changes  in  oscillator 
strengths  for  a  weak  signal  light  with  a  photon  energy  fiojg.  The 
switching  times  of  the  nonlinearity  should  be  very  short,  MOO 
femtosec.,  both  for  the  ON-  and  OFF-processes  because  the 
electric  charges  are  induced  by  the  virtual  processes  and  the 
field  cancellation  results  from  the  internal  charges  inside  the 
QWs.  In  other  words,  the  switching  characteristic  is  free  from 
life  time  limitation,  in  a  contrast  with  those  due  to  real  exci¬ 
tation  processes,  and  from  C’R-time  constant  limitation. 

As  a  consequence  of  numerical  estimations,  the  following 
result  is  obtained  for  a  Ga1_xAlxAs  graded  gap  (x  =  0  -*■  0.3, 

O 

Lz  =  200 A )  QW  structure.  An  increase  in  the  le-lhh  transition 
oscillator  strength,  1.5%,  and  a  blue  shift  of  band  gap,  0.05meV 
are  expected  for  a  pump  power  density  of  107w/cm^  with  a  photon 
energy,  50meV  below  the  energy  gap  and  for  an  electric  field  Eg 
of  9x104V/cm.  Effective  four -wave -m i xing  parameter  was 

estimated  to  be  1x10“^[esu]  for  the  graded  gap  QW  biased  by  the 
DC  field,  90KV/cm  and  for  the  detuning  energy,  35meV.  The  varia¬ 
tion  in  the  oscillator  strength  is  significantly  larger  than  that 
(bleaching)  due  to  conventional  phase  space  filling  mechanism. 
The  amount  of  blue  shift  is  comparable  to  that  due  to  dressed 
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exciton  mechanism.^  The  f ield- induced  optical  nonlinearity 
seems  to  be  observable  and  quite  useful  for  designing  an  ultra¬ 
fast  optical  gate. 

References 

1 )  M.Yamanishi  and  I.Suemune  :  Japan.  J.  Appl.  Phys.  22  (1983) 
L22. 

2)  The  basic  idea  of  the  proposed  nonlinearity  was  discussed  by 
the  author  and  by  D.S.Chemla  et  al.,  independently  of  each 
other . 

M.Yamanishi,  presented  at  technical  meeting  on  Optics  and 
Quantum  Electronics  of  Inst.  Electronic  and  Communication 
Engineers  of  Japan,  paper  No.  OQE86-167,  January  27,  1987  and 
at  spring  meeting  of  Japan  Society  of  Applied  Physics, 
abstract  No.31p-ZH-7,  March  31,  1987  :  submitted  to  Phys.  Rev. 
Letters,  and,  also,  to  be  presented  at  3rd  Int.  Conf.  on 
Superlattioes,  Microstructures  and  Microdevices,  Chicago, 
Aug. 1  7-20,  1  987. 

D.S.Chemla,  D. A. B. Miller  and  S.Schmitt-Rink,  presented  at  a 
post  dead  line  paper  session,  '87IQEC,  paper  No.PD-4,  April 
28,1987  :  submitted  to  Phys.  Rev.  Letters. 

3)  S.Schmitt-Rink  and  D.S.Chemla,  Phys.  Rev.  Letters,  57  (1986) 
2752  . 


4 


OpMcai  fro  per  fie*  Q*uanjtu*t  k/eft 

SfrM.ctcrea  liOteti  ly  DC  Electric 
FteiJL 

Masamichi  Yamanishi 
{Hiroshima.  University) 


°  Field  effects  on  optical  propertied 
of!  Q-fVs  ■  Spoof  S  imfcAinj. 


o  Life  -Time-free  Su*itcfiina  of 
f>L  in  AJtCfaAs  QWs 

«  Proposal  of!  Uf fra  foot  optical 
nonlinearity 


-273- 


Qit/ tine  of  Presenfatixon, 

1.  D/nvnics  o£  field  control  of  PL 

from  At  Grafts  GUils 

0  Crmp/cti'ciy  tifc  -  tit  fix  C  ~f'/CC 
switching  of  pL  Ay  field  induced 
polarisation.  0/  carriers,  combined 
iviifl/  carrier  c^capXnfs . 

Q  Pcspon:>c  time  of  pL  Joo pct.c, 

/-(fitted  opaC'P  time  Cemti'e-ntr 

2.  /lew-  mechanism  for  ultra  fasti 
optical  nonlinearity  in  Gilds 

Ax 04 eel  Ay  0.  C,  efecirxe  field 

o  Response  time,  ^ /oof  see 

Virtual  charge,  polarfpflti'on , 
tife  -time  free  an$L 

free  fic^L  C‘ft  XtKC  Co/urthnt ' 

J  -274- 


o 


WS1 

:  'I 


■  ■‘'I’ 

'A 


. ,  »• 


?A 

4 

3 


Field  induced  OpFcaF  Phenomena, 
in  QWs 


£> 

Uj 


— — — —  2e 
— - 


(a) 

£-0 


Decreasing  MK 
and  Eft.  eft. 


ate 

F 

i 


<b) 

£  40 


QM&nZtttn.  Confined 

SfiarJ  EJfecjfr 


For  etcifon 

decrease, 
in  Eex 

Chant ea  in  Te 

=r  A  delitconnF 
Change*  t'n 
Os  a Mador 
SJrattat-h) 

-275- 


riLWweooooc'fyotwooo^^ 


'  V  *.t!V  1  *  V*« 


*•:  -  “  •U.tW  *•  ’|.';  *!  -*1'  t/i,.'  />  ■  ’  .  ►  *  •  ■£'  ■  ■•>•  '•  £’  .  J.  *  •  ;  >  *  - 


o 


Moduiations  of  Lifiht  Out/utt" 
from.  Loner  Diodes  and.  LEDs 

by  chante*  *fi  in^ec$OK  current 
,  $■  Oj  change*  in  carrier  density 


I 


Conftrol  of  OscitJUtor  Strength 
(  Matrix  Element)  by  Static  Efeetric 

Field 

*  not  depend  on  chanted  in  carrier 
density 

*■  foot  switching,  free  from  tfe 
jfcne.  jA**+£<*'*4on, 


-27 


r  ielct  Control  of  Luminescence, 
from.  Qlds 


¥tm  ~ 


nr 


Hr-  /?  oJxoti re  life  time 
controlled,  by  E. 

2T nr  •'  none  -  radiative 

Mfc  time 


for  fruicA  cl ona e  in  electric  field , 

PL  suite  lint.  Co  free  from  tfeftcme 
JUmctaMon . 

•  If  Af/tr^ /V/ 2: nr  ^nd  unci  anted  Ctj 

emission  rate  id/zT  *  Cr  ( unchanged ) 

under  steady  state  conctition 


JO pirtoJis  MQ.W .  CraAsi looA)/AfAs(3°°A) 


T-  3 00  K 


2ns 


Hiftli  FieM 


2 VC  Cow  hicM 

/~\  Ov/tn) 


Voltac 


j:  -----  P  L 
V-300ps 


SuH^C&nt-  Aia 

ioopsec  RecoiriUn&Mm 


froUens 

I  Off/ OFF  aspect"  rato  of  PL  intensities 

ptOc/jfxC'tiiOn.  of  £-l'S  S/.'i~'.icMO  - 

-y  sc,' J/ an' 

* 

2 .  Uncha.nae<L  PL  intensify  at  stead/ 
state.  .  i-  e.  teara-tation  of  PL 
response  for  consecutive  input 

pulses  carrier  ,(c%/\nAC  at 

fieM 

He-Ne  Laser  Beam 
|  ( 632.8 nm) 

pa _ L  7777X  r^p-AtGaAs  (x~0.7 )  0.3pm 

|  _ IAIAs  0.1pm-, 

I  AlGoAs  (x-0.15)  300 A 

i-SCHQW  z^c  GaAs  100  &  undoped 

-L  _  I _ AlGaAs  (x-0.15)  300^ 

IAIAs  300 A  J 

. AlGaAs  (x - 0.7 )  1.1pm 

^^n-graded  buffer 
______  n-GaAs  sub. 

-Au*Sn 


Time 


■  * .■  1  ■  *  *  -  ■>  * f  * .  ••  ' 


'v&wkviNwyy 


N/rrh 


Overall  Life  Time 
W=  Vrrh*Vrnr 


PL  dg-0  W/trl  Zrk 


pLo/£*|.4x|oVn  N'Zrk 

Carrier  density  b  de/d  consdcuid 
sudden  chant  e  of-  Mfc  Mmt. 


&CH/M 


R.T 


r  heof  v 

Ns  =  ”*10ncm* 


11  -2 
-1  xIO  crrr 


/  +  Y  Eoeriment 

/^Radia  ive  Life  Time 

* 

^Overall  Life  Time 

y*'  \  st 


2.0 


1 l/l 
C 
CM 

‘o  -e 

O 


Photo  Curr**X  . 

•  ’/for  _>  X 

—•ills  ^ 


.*  ^ 


✓  I 
.*  : 


X  • 

N 

S 


v5  w 

r-^  M 


0.5  1.0  1.5  2.0 

Electric  Field  (*io5v/cm) 


[/znr  m  {/zi overall)  ~  {/zr 


-285- 


•  *V*  '  '  '  ** 1  *,*  •/  n^v'.CaV'  V* 


35 0-A188  918  UNITED  STATES  -  JAPAN  SEA t NAP  ON  OUANTUM  MECHANICAL 

ASPECTS  OF  OUANTUM  EL  IU)  MASSACHUSETTS  INST  OF  TECH 
CAMBRIDGE  RESEARCH  LAB  OF  ELECTRON 
UNCLASSIFIED  J  H  SHAPIRO  ET  AL  OCT  87  N88814-87-G-8198  F/G 


possible  device  sdhicdure  */  field 

controlled  tight  emitter 


Hetero  Bipolar  Transistor 

M.  YojnajUsU  ft  *1 


High-resistivity  (HR)-AIGaAs 


S-u/mncirK- 

U  Oe»ionsjfrafion  efZ  fie  lot  conjure  l 

of  PL  fr»*t  AlGaAs  GLH/s 

0  fife  fit» te  free.  sm'fcfinA.  of PL 
Ly  field  induced  polartyafion. 

of  carriers .  comAsned.  u**tA 

carrier  eecepines 

•  response  fine  of  PL  .  -Joopfc 

'v  C*  R 


Z  )  Proposal  field.  con  fro  lied  fipdf 

eeu'Xters  ;  fuife  possil/e 


-289- 


U//mfasf  Optical  Hon&neartlb 
in  Quanttun  U/eJt  HjtKucturae 

BachjicL  ly  PC  Electric  Fields 

M.  Yamanishi 
(  Hiroshima.  University ) 

°  Proposal  o£  a  new~  melanism*  on. 
uiriafast  optical  nonlinearity 

suutclinp.  tine  -  /oo  femlosoc, 

Virtual  Charge.  -induced. 
Optical  lion  linearity  YCOAl 


-290- 


A .  Mysyrovs'cj' <  O.  Hu  tin,  cf  ol. 

A  .  Vort  Left  men.  et  at.  ( |  \H. ) 

discovery.  of  AC  Start  effects 

in  AlCraAs  QWs 

•S’.  Schmidt- Aint  on/.  D.  S.  C fie  oil  a.. 
Theory  of  nonlinear  op  teat 
properties 

VirXu  c-l  comer. s  hetav-e. 

as  It  rtxl  o,i^s 
*  ' 

Proposal  of  virtual  charge  induced 
optical  nonlinearity  in  DC  limed 

Q’/ls 

M.  Yvnanishi  ■  presented  at  I ECZ. 
Japan..  tech,  meettna  (Tan.  /t/7) 

and  at  spring.  meeting,  of  JSAP 
(March,  Htl) 

D-S.  Chemtaet a  l :  presented  at 
'S7I&E  C  .  post  deadline  pop  air 

(April.  /??7). 


S  S  °  B  8  g  ' 

(uuo/AVI)  ^3  p|S!d  6U!UaajDS 


Bias  Field  E»  (KV/cm) 


i  !  *1 


ji 


il 


^POIe-lhh  =  "50  (meV) 
Eo  =  90  (KV/cm) 

Overall  / 

subband  // 

Exciton  // 


Pump  Power  Density  Ip  (W/cm2 ) 

:r,  =  8 KT/cm.  for  Ip  =  I  oW 
F"~  0'*rjr  *n  cl  -ZS~  pqr *  oisl  tfGLH/ 

(  V^'rytlal  ptUr  dcns*£y  ^  /* *  / of *c*C3) 


1*^1 


Cto.As/MAs  FGGW  L Z=200A  o 

Ctcl,-xAIUAs/A£As  GGr&W  Lz=jooA 
(x.--*  o  — »■  o.  3) 


1.58 


1.56 

1.54 


1e2hh 

lelih 


■Graded  Gap 
•Flat  Gap 


(Aeuu)ADJ0U3  uo!J|Sudji  P  W!MS  snig 


-Z . 


Virtual  PSF 


"»*a 


D  2  O 
>  ,  SI  7=1  X 

r - * - v  Q.  LL  ' - 

■Q  C  —  a; 

go  a  u  ** 

O  —  3  a  Qi 

jQ  u  r1  nv. 


i=-  (/)  LU 


2  J=  00-^) 


_  _  LO ' 

^  -  Ci  <3  T  T 

(°/0)L|i6uaJtS  Jopupso  «.  uoipuda 


?www 


Refractive  Index  4n 


Table  1  Estimated  nonlinear  refraction  coefficient  n •,  and 
effective  degenerate  four-wave  The  FGQW  and  GGQW  were 

assumed  to  be  biased  by  electric  fields  of  20KV/cm  and  90KV/cm, 
respectively.  The  x*3)s  are  the  values  for  MQW  samples  with 
equal  well  and  barrier  thickness. 

n=  n,  +  n,ip 

X “ Vp ) = ('A  X  nUo  £* )  n,*  ('/* ) 


QW  Detuning  energy 

{lhooh  ”4p0,e,hh 


n2 

t  cm2/W  ) 


X 


(3) 


l  esu  ) 


FGQW 


■50  meV 


8  x  10 


-14 


3.2  x  10 


-1  1 


GGQW 


-50  meV 


-35  meV 


4.8  x  10 


■13 


1.9  x  10 


■10 


2.6  x  10 


-12 


1.0  x  10 


-9 


cf.  Qk/ (  Lf/toA)  AAf*+lner. 

X'"-  7xtol*[gsu]  by  D.  S.  Chetnla.  e/a/. 

Xm^  IOU[esul  CS<  Kerr  effect 
--  | o’14 [esu]  Si' tea.  Filer 


Eo 


I )  Off- resonant 
pwn.f>  light 

Z)  Virtual  tran¬ 
sitions 

3)  Virtual  charges 

<  looj-s 

4J  Field  screening 


Es 


7©\ 


1e 


*Z 


5)  Blue,  shifts  of 

land,  gap  and 

changes  in  osc¬ 
illator  strength 

-  !  oof-r. 


-300- 


Epcos  (uPt):  pump  light 


♦a2(t)<t>2(r)e“,(J2t 


DeJktMun.fr 


?=Ap ♦ 4Qp 

^p=ojp-(u)2-uji)  j-refruency 
ftP  =  HEP/2fi 

^  Ral* 

j-refruency 


|Cll(t)l 


la2<t>r 


Polarization 

pDC^VI-eZl^DC 


=  {l-|a1(t)l  K^hezl^) 


Vir/ua£ 

1  hole 


•ia2(t)|<ip2|-ez|ip2> 


\ 


VjtrjkuaJ^ 

eJJectron, 


EP(t) 


A  A) 


Virtual  poPU$a£on 
.  1-la,ct>l2 
t  =la2(t)l2 


If 

i -/ie  V.irXcwi  chit^S  CCiTl 
■follow-  Up  the  /xu nip  pulse. 

_^t  J,liAp|  =  6  0  meV^^/Apl 

=*  I  Ofs 


"  =la2(t,l2  1',a'<Vl  7o  2  f 

=  la2(t)l2=(^>)  sinVt/2) 

,  fff™ 

SpoMo.1  polojrfyCLMOfi 

<pdc’qw  *  £  I!  f<e»)t|*t(*)|2-|*j(*l|2)d* 

i«1 hh, 2hh, *  *  *  j  »1 a  ,  2e , * • •  1  J 


11h,21h, *  *  * 


Apljex*4npiJ*0l 


ejection 


f"  2nplj  mri1  1 

♦  ( - - )( Li 1 — )dE  (4) 

J°  A|Lj^fl2tJ  nft2Lx  J 

where  flpij  •  ( [«J»2 <  *  )4>j  (  z  )dz)  <Uj  |  er |  u2  >c * Ep/ 2t>  , 

AplJ«x  *  up  “exij  j  f  »  K///>ir.  ^ 

Vj  -up  -  <  -j  -  «t  >  -  E/t,  ,  o(«  Z\fntfp0*\'m  7 

I  . 4/>  Ec  *  ^  /* oc^aw/^0^ 


»pLj^“plj 


^pljex  ■  up  _  “exij 

Api j  ••  <*>p  -  (  <*»j  -  «j.  >  -  E/ft 


Summary 

I  )  Proposal  of  Uttra fast  Optical 

Nonlinearity  in.  DC  Siaeeel  Qk/s'YCOff 

over  all  stoitchini.  time  ~ 

( oy.  off  J 

2 )  For  a.  Cr&Qld  (  L^s^ooA  ) 

8  he  stift  of  Ej.  —  o.  o  meV 

Percentage  cAtnpe  in. 
le-lhh  oscillator  strength  . 

for  Ip"  i*/o7r/tn* .  fofoie-m'-My. 
and.  E0  *  90kV/t»t . 

Effective  (degenerate  four -wave, 
mixing  X'"(-Up  .*>/>.-*/>.  Vj>  )  . 

/  x/o'f  [esuj 

Virtual  churl e  polarisation .' 

a.  teg.  pro c 64 4  in  the  nonlinearity 
a  near-  Opportunity  in  OE  donees  -303 


3) 


WHY  LQSEE  SLEPT*  OVER  ll-Vli  COMPOUND  ^TICONDUCTQR 
ajPfflLA-TTIGES  ?  :  S3±£TED  EXAMPLES 


S  Qht^  d  FtX.  Q.  L ee;  A.  Mlysyrowicz;.  A.  Nunriikko  (Brown) 
J.-W.  Wa  (Indiana^ 

FF.  Gunshur;  L.  KaJadziej^i  (Purdoe) 

Outline 

*'  BandafTsets,  Excitons,  and  Some  Phonons  err.  CdTe/(Cd,Mn)Te 
Quantum  Wells 

*"  Interfaces  an d  the  Magnetic  Polaron  Problem 

*  Sccitonic  Molecules  in  ZnSe  Quantum  Wells 

*  Dynamics  of  Nonequilibrium  Carriers 

*  Magnetic  Properties  in  Lower  Dimensions  ^  rvionoU^ar  Mrt Se. 


T 


'New'  ll-VJ  aipsrf^ttcBg:  (leaned:  lay.aj  &g£— 

^MPaSJtt)pB  QtTs'ZcrTs 

Zb&'ZiTT© 

ZhSBfZn($,Se$  Zh&ZhTet 


**  optical  ctea/icESSE  im  fate  waudoigtix  regain 
**  sprang  excitarr  t^feefcs  an  qptied.  ^iHctre  (guagi  2D  ?) 

*•  baa-Tdaffi^  qafiEdidiTs  (common  arnan  va.  cation;  polarity) 
**  rngBOT^ic  properties  an  lower  dimensions  ;  3P-*£P 
m  iaj^s^  coupLUj 


-stlVJL  Ol-  prrWem 


'Semi magnetic!  (Qi lulect:  Magnetic)  SoTri conductors: 


I'l** 

Eft 


rk  cr-i/s.), 


F*  CX-%5 


r 


Mtt  3dl— bounds 


eydneroe  interaction  of  s-  and  p-band  electrons  with 
Mmon  d-electron  states:  short  range  (a0) 


Jf_  -go’fi'.-K.K-s, 


*  v,»? 


external,  rnxLQn&jz,  jy'eSA.  (buJJC  rnaOCcrv'cd,) 


£Wfft|  t 

_ _ - — _ --  —  — -t  •  1 


••}•  (£*,*<*)  It, 


ID  £a(6) 


:‘/2. 

-Vi. 


.-3/2. 
— «/2- 

>3/2- 


MFA: 


S’a  ej  ■  NM«f>  s ;(ba) 


wka/X 


^4 


UX/vt*  Z&esHOrv 


Ze^Auary  effort  (louo  T) 

A^*3*H-fr-  %  ;  s^'00-200 


fpa/unuxair\^r^: 
CUAuTt ) 

^-Uu)  X 


l&ndaff^t  Question  in  Wide-Gap  11-V1  Heterostructures 


*'  sparse  experimental  information  to  date 

"  early  indicators  that  AE  is  small  for  CdfFe/(Cd,Mn)Te 
(also  for  CdTe/ZnTe)  V 


*  exgiton  effects  strong  e.g.  for  CdHTe,  ZnSe,.  ZhTe  etc. 
"  exploit  the  magnetic  'tuirefailitN/''  ins  a  DMS  quantum  well 


-308- 


OLT*/cd. -AM  Tc  M9  \fj  ,  Lw  =  So  A  (100) 

*  a?  * 

'SpUtt*'*js  Cm*  Sg*  ¥  TifU\  (  T*  Zki) 


A- 1  HH  A-ZMi  In-/  Ld  tarfXAr~ 
14  *u2V  44  m*V  I  £  3  *cW  !  £b  mjV 


Su\gLe  parU-cLe  cMoudjaSXo^  predicts 
Large  la>  =  46^6^ 


^2_ 


witw  €XCx.to^  CGrd&\JOuJXo^ 
/fcEJ,  x  ASZ  CUS  ob&c-rvecC 


•  Coui-oAJa  atXnjcC^orv  odds 
*exXxxx~  dearth,*  -jor  kole  pote^iAxtC 


Summary:  CdTe/(Cd,Mn)Te  MQW 


*  Excitation  spectroscopy  in  external  magnetic  fields  at  exciton 
tranatians  of  the  QW  and  barrier  layers:  "tuning"  of  offsets 


*■  Theory  to  account  for  the  strong  Cautafo  effects  in  the  case  of 
a  2P-electron  and  a  quasi  3D-hde 


*■  Detennfnaffan  of  oonductian  to  vatence  band  offset  of  1 4:1  for  a 
partfiOil!ar  QW;  when  corrected  for  strain,  the  valence  band  offset 
is  zero  within  10  meV  for  the  heavy  hole 


Ftecramtanina  vs  Absarfcrinq:  B(dtarr. 


"Magnetic  Fte'ax^iorf  sfraT  interface  of  a.  GiTe/(Cd;Mft)T e  QW 
(Magnetic  Pdarorr) 


G V*£OUtSL  dfeas.  Sulvot. 
ofo-  aiL- 


-  3psfsJL*pCc4L 

VAUgbff  *A- 


a?~  £&< + •  [voe-  vj; 

•  tK(X^fOiJ^C4XlJUj  CndUuuZJldL  L*£ej-fzLCJL, 
Lc&jdX&aXZot^  (s^rdtzxwicus 

•  Mp  esff&ct  *jor  SmoLL  ba^JLvffyiZ 

l_^  C^/C^.^M^Te. 


Qitlerenee§  Between  tin)  ena  nugj 
phatoluminescence  excitation  spectre 


\jVL-  Kcj£tjroW»‘c2r 


Bcdtonic  Molecules  in  ZnSe  Onantim  Wells 


well  established  in  bulk  (e.g.  CuC3J 


quasi-2D  enhancement  for  Q_©sritarr  binding  and 
(ii)  molecular  binding  energy 

^^aN/OfadJL.  lO  *■  flvtr  SD  caln_ 

Jl-V[  vs.  Illj/  heterostastur^ 

!  U  QaAs./lG*rtm*s./  A.  Wl|oret.al. 

->  fcuXK,  ~  2—3  •>’a-V 


Ea* 

<-4 


02  04  0$  08 

<T  =  /  mf 


P.  A  • 

(I98S) 


PHOTOLUMINESCENCE  INTENSITY  (orb  units) 


Mrt  £e  ^<£*0 

•  *2'  •  6i 


2.77*  z.m  zrs  z&j  zm  ztq  z.eo  2.82 


ENERGY  CeV) 


tOOW/fc*?* 

♦J 


SOmW/fc**.* 


jcu-^s  ever  X 
luC."K*~  UvjCffcA-fcC*^  £x£cl2>-tMDi 


•  £C* j«Iacs  Co^UCcteX  <t 
c^j^CoJX  tT  cju-aittA.^ 


•  'XX’  ptow^Kt  of 
Lou)  exclt£&0K*  k\/ds 


PHOTOLUMINESCENCE  INTENSITY  (orb  units) 


uCtfen&rhi  A-p .  po(xA2*Do*.  dtp. 


2»b-/2n  Mn 
'  .71  .2f 

T-2JC 


•(k>o)  Egx  /2  =  E^-^O  o.t  7PA-  fttorawX*. 


^  ~  9-0  ivlcV  <|trT 

-fm«_  PL  ~  32  rvxV’ 

5gx~||  ft-xV 


lw  =  2YA 


•  WtjL-  Cou)  UvtSbsjCn'fcNC.S 


-319- 


evidence  for  excitonic  molecule  in  ZnSe/(Zn.Mn)Se  quantum 
wells  from  luminescence,  nonlinear  absorption,  polarization 
selection  rules,  and  temperature  dependence. 

scaling  of  ED  with  well  thickness  roughly  as  predicted 

dX 

surprisingly  stable  molecular  state  E3<?(2*J0  *20***/ 

microscopic  deta 


not  yet  known 


<Q\J  pTifV 
bv*a«rff uts. 


Enhanced  Exci tonic  Optical  Nonlinearity  and  Exciton  Dynamics  in 
Semiconductor  Microstructures 

T.  Takagahara 

NTT  Electrical  Communications  Laboratories,  Musashino-shl , 

Tokyo  180,  Japan 

The  mechanisms  of  enhanced  exci tonic  optical  nonlinearity  In  semiconductor 
Microstructures  are  clarified  to  be  the  easily  attainable  state  filling  of 
discretized  levels  due  to  the  quantum  size  effect  and  the  enhanced  oscillator 
strength.  The  calculated  third-order  nonlinear  susceptibility  explains 
successfully  the  recent  experimental  results.  A  comprehensive  interpretation  of 
the  exciton  dynamics  in  semiconductor  microcrystallites  is  presented  to  explain 
the  fast  and  slow  decay  components  in  phase  conjugation  and  luminescence 
Measurements. 

Recently  the  exci tonic  states  In  semiconductor  micros true tures  have 
attracted  much  attention  due  to  the  enhanced  exci tonic  optical  nonlinearity  and 
fast  response  time  [1-7]  .  In  semiconductor  microstructures  of  lower 
dimensionality,  the  energy  levels  of  carriers  are  discretized  due  to  the  quantum 
size  effect.  The  oscillator  strength  becomes  concentrated  on  the  sharp 
transitions  of  the  lower  energy  and  the  mechanism  of  excilonlc  optical 
nonlinearity  Is  simply  the  state  filling  of  these  sharp  excitonic  transitions  in 
contrast  to  the  band  filling  of  continuum  states  in  the  bulk  material.  As  a 
consequence,  the  excitonic  optical  nonlinearity  is  enhanced  while  the  saturation 
power  is  reduced,  relative  to  the  bulk  semiconductor.  The  response  time  of  the 
optical  nonlinearity  is  determined  by  the  build-up  time  and  recombination 
lifetime  of  photo-generated  carriers.  The  dynamics  of  photo -gene rated  carriers 
In  semi  conductor -doped  glasses  have  been  studied  extensively  by  the  transient 
grating  method  [1,3-7]  and  photo- luminescence  [3-5, 8,9]  .  Some  controversies 
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exist  about  the  origins  of  the  fast  and  slow  components  of  the  electron-hole 
recombination  [1,3-0]  . 


First  of  all,  the  excl tonic  states  in  semiconductor  quantum  dots  are 
discussed.  The  energy  of  the  exci tonic  state  measured  from  the  bulk  band  gap 

energy  consists  of  the  kinetic  energy  of  the  electron  and  holeCEg),  the  Coulomb 
energy  between  them(Ec)  and  the  surface  polarization  energy(Es)  [10]  .  These 
are  sh  "vn  In  Fig.l  as  a  function  of  the  quantum  dot  radius  normalized  by  the 
exci ton  Bohr  radius  ag  in  bulk  crystals.  The  exci ton  binding  energy  in  a 
semiconductor  quantum  dot  is  obtained  from  the  energy  difference  between  the 
exci ton  state  and  a  free  electron-hole  pair  state.  Figure  2  shows  the 
dependence  of  the  exci ton  binding  energy  on  the  normalized  quantum  dot  radius. 
It  is  important  to  note  that  the  rather  small  exci ton  binding  energy  implies  the 
ionization  of  exci tonic  states  at  room  temperature.  In  fact,  for 
semiconductor(CdS)  quantum  dots  with  radii  in  the  range  shown  in  Fig. 2,  the 
exci tonic  state  may  be  ionized  to  the  free  electron-hole  pair  state  at  room 
temperature. 

The  radiative  recombination  lifetime  r g  of  exci tons  in  a  quantum  dot  can 
be  estimated  from  the  oscillator  strength  of  the  excitonic  transition  [11]  . 
For  a  free  electron-hole  pair  in  a  semiconductor(CdS)  quantum  dot,  the 
oscillator  strength  fg  is  estimated  to  be  8.14  using  the  relevant  parameters 
[12]  and  the  corresponding  radiative  lifetime  tg  is  440  ps.  These  values  are 
Independent  of  quantum  dot  size.  When  the  excitonic  effect,  namely  the 
electron-hole  correlation,  is  Included,  the  oscillator  strength  f  is  enhanced 
since  it  Is  proportional  to  the  probability  of  finding  an  electron  and  a  hole  at 
the  same  position.  This  enhancement  factor  and  the  corresponding  radiative 
recombination  lifetime  are  given  in  Fig. 3  as  a  function  of  the  normalized  radius 
of  the  quantum  dot.  For  a  1 OoA  radius  CdS  quantum  dot,  the  radiative 
recombination  time  Is  estimated  to  be  20  ps.  This  value  is  of  the  same  order  as 
the  so-far-reported  time  constants  of  the  fast  decay  component  in  transient 
grating  measurements  [3-7]  . 
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The  exci tonic  optical  nonlinearity  in  sen i conductor  quantum  dots  can  be 
enhanced  due  to  the  large  oscillator  strength  of  the  exci ton  and  the  energy 
level  discretization  which  leads  to  an  easily  attainable  state  filling.  The 
calculated  frequency  dispersions  of  the  linear  susceptibility  and  the 

third-order  nonlinear  susceptibility  x  for  the  degenerate  case,  i.e., 

=  are  shown  In  Fig. 4.  The  out-of-phase  behavior  between  x^  and  X ^ 
for  both  real  and  imaginary  parts  explains  the  experimental  results  [2]  very 
well.  The  absolute  value  of  for  CdS  quantum  dots  is  estimated  to  be  about 

3.8x10*®  esu  for  a  number  density  N  of  10^  cm*®  and  for  the  Li fshi tz-Slezov 

[13]  distribution  of  quantum  dot  radius  with  an  average  of  100A.  This  value 
Is  also  In  good  agreement  with  the  experimental  value  at  room  temperature  [1]  . 
In  this  calculation,  the  oscillator  strength  of  the  free  electron-hole  pair  is 
employed  in  consideration  of  the  aforementioned  possibility  that  the  exci tonic 
state  is  ionized  at  room  temperature.  At  low  temperatures,  the  exci tonic  state 
is  stable  and  its  large  oscillator  strength  is  available  to  enhance  the  optical 
nonlinearity.  In  fact  the  exci tonic  optical  nonlinearity  at  low  temperatures  is 
calculated  to  be  as  large  as  10*4  esu. 

Our  comprehensive  interpretation  of  the  controversial  exci ton  dynamics  in 
semiconductor  quantum  dots  Is  presented  with  respect  to  the  exposure  time 
dependence  of  the  decay  characteristics  [5,7]  and  the  darkening  of  the  glass 
[5]  .  The  slow  decay  component  can  be  attributed  to  the  radiative 
recombination  of  an  electron  and  a  hole  trapped  by  a  donor-acceptor  pair,  whose 
rate  is  dependent  on  the  distance  between  the  donor  and  the  acceptor  and  which 
gives  rise  to  a  broad  luminescence  spectrum.  This  assignment  is  corroborated  by 
the  recent  measurement  of  the  donor-acceptor  pair  recombination  rate  in  bulk  CdS 

[14]  .  In  the  course  of  this  recombination  process,  the  emitted  phonons  Induce 
some  kind  of  structural  change  around  the  donor-acceptor  pair  and  efficient  non- 
radiatlve  recombination  centers  will  be  formed.  The  temperature  rise  due  to 
laser  irradiation  regarded  as  uniform  in  semiconductor  microcrystallites  is 
estimated  to  be  rather  small.  This  suggests  the  importance  of  local  phonon 


■odes  in  inducing  the  structural  change.  After  repeated  exposure  to  laser 
irradiation,  these  non-radiati ve  recombination  centers  are  accumulated  and  the 
photo -genera ted  carriers  lose  their  energy  via  these  centers.  Thus  the 
radiative  recombination  via  a  donor -acceptor  pair  becomes  quenched  leading  to 
the  disappearance  of  the  broad  luminescence  spectrum  [5]  and  also  of  the  slow 
decay  component  in  the  transient  grating  measurements  [5,7]  .  This  accumulated 
structural  change  may  be  a  cause  of  the  permanent  holographic  grating  and  the 
darkening  of  the  glass.  This  kind  of  photo- induced  structural  change  is  seen 
extensively  in  amorphous  materials,  such  as  a-Si  [15]  ,  chalcogenide  glasses 
[16]  and  Eu-doped  glasses  [17]  .  On  the  other  hand,  the  fast  decay  component 
can  be  considered  as  arising  from  the  radiative  recombination  of  free  excitons 
as  calculated  above.  This  interpretation  is  consistent  with  the  experimental 
result  [5]  that  the  narrow  luminescence  line  attributed  to  theexcltontc 
recombination  shows  a  very  rapid  decay.  However,  we  have  to  keep  in  mind  the 
possibility  that  the  fast  decay  component  arises  from  the  nonradiative 
recombination  of  an  electron-hole  pair  via  defect  stales  or  surface  states. 
Thus  it  is  crucial  to  examine  the  size  dependence  of  the  decay  time  constant  in 
identifying  the  origin  of  the  fast  decay  component. 
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Fig. 1 :Excl ton  energy(Elol)  versus  radius  Fig.2:Exci ton  binding  energy  in  units  of 
of  spherical  semiconductor  particles  Rydberg(Ry)  and  normalized  oscillator 
(quantum  dots).  E|<  denotes  the  kinetic  strength  in  spherical  semiconductor 
energy,  Ec,  the  Coulomb  energy  and  Es  is  particles  plotted  as  a  function  of 
the  surface  polarization  energy,  respec*  particle  radius, 
tively.  ag  is  the  excilon  Bohr  radius 
in  bulk  semiconductors. 
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Fig. 4: Frequency  dispersion  of  and  x^3) 

of  spherical  semiconductor(CdS)  particles. 
Particle  size  distribution  is  taken  into 
account  by  the  llfshl tz-Slezov  distribution 
function  for  an  average  radius  of  lOOi. 


Fig. 3: Enhancement  factor  of  the  oscillator 
strength  of  exciton  relative  to  that  of  free 
(uncorrelated)  electron-hole  pair  and  the 
radiative  recombination  time  in  spherical 
semiconductor  particles  plotted  as  a  function 
of  particle  radius. 
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Free  carriers  in  semiconductors  cause  optical  nonlinearity 
in  two  ways.  In  some  cases  it  arises  from  the  inherent  non¬ 
linearity  of  electron  dynamics  in  crystals;  in  others  it  is 
caused  by  scattering.  Such  processes  are  interesting  because 
they  can  be  used  to  study  carrier  dynamics  and  kinetics  in  semi¬ 
conductors.  In  particular,  the  large  frequency  dispersion  of 
these  nonlinearities  determines  carrier  relaxation  times.  These 
times,  which  are  generally  in  the  picosecond  range,  also  charac¬ 
terize  the  speed  of  the  nonlinearity. 

Until  lately,  all  known  free-carrier-induced  optical  non- 
linearities  were  weak.  We  have  recently  investigated  two 
crystals,  HgTe  and  HgCdSe:Fe,  in  which  large,  fast,  free- 
carrier-induced  x(3)'s  may  be  attainable.  These  materials 
will  be  used  as  examples  to  illustrate  the  mechanisms  and  features 
of  free-carrier-induced  optical  nonlinearity. 

Large,  room  temperature,  third  order  nonlinear  optic  sus¬ 
ceptibilities  are  observed  in  HgTe  and  HgMnTe  at  10. 6u.  These 
materials  have  the  largest  known  third  order  optical  non- 
linearities  with  response  times  in  the  picosecond  range.  In 
HgTe,  x<3)  =  1.6  x  10-4  esu  at  300K;  this  value  is  twenty 
times  the  previous  record. 

The  nonlinear  susceptibilities  were  measured  by  four  wave 
mixing  experiments  performed  with  a  pair  of  Q-switched  CO2  lasers. 
The  nonlinear  signal  varied  as  P3  v  P1P2  to  the  highest 
laser  intensities,  Pi  =  P2  =  500kW/cm2f  used  in  these  experiments. 
The  absence  of  saturation  is  striking.  We  attribute  the  optical 
nonlinearity  to  interband  population  modulation  between  the 
heavy  mass  T9  valence  band  and  the  light  mass  Tr  conduction 
band.  A  plasma  density  modulation  exceeding  lCH-7  electron-hole 
pairs/cc  is  required  to  produce  the  observed  effect.  Calculations 
suggest  that  this  oscillating  plasma  could  also  radiate 
efficiently  in  the  far  infrared. 

The  figure  of  merit,  X^)/aT/  for  HgTe  is  comparable 
to  that  of  other  semiconductors.  However,  the  product  X^)psat 
for  HgTe  far  exceeds  that  of  other  semiconductors.  Further 
enhancement  of  the  HgTe  nonlineary  is  anticipated  with  appropriate 
doping  or  alloying. 
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We  have  observed  a  novel  free  carrier  nonlinear  optical 
effect  due  to  scattering  by  the  resonant  Fe2+(3d^)  donor  states 
in  HgCdSe :  Fe .  The  effect  is  only  seen  if  the  Fe  states  are 

located  inside  the  conduction  band.  For  a  HgCdSe  sample  with 

energy  oandgap  of  303  meV  and  free  electron  concentration  of 
1.7  x  1018  ‘  cm-3  at  80K,  a  third  order  optical  susceptibility 
of  1  x  10-6  esu  was  measured  by  four  wave  mixing  experiments 
with  CC>2  lasers.  This  value  is  twenty  times  larger  than  that 
induced  by  the  energy  band  nonparabolicity ,  and  can  be  explained 
by  a  theory  taking  into  account  the  strong  energy  dependence 
of  the  scattering  rate  due  to  the  presence  of  the  resonant 
scattering  level.  The  theory  assumes  that  the  pump  lasers 
modulate  the  electronic  temperature  via  free  carrier  absorption, 
which  in  turn  modulates  the  dielectric  constant  through  the 

energy  dependent  scattering  mechanism,  leading  to  large  optical 
nonlinearity.  The  nonlinear  optical  effect  can  be  further 

increased  if  the  resonant  scattering  level  is  located  closer 
to  the  Fermi  energy.  The  theory  can  also  be  used  to  infer  the 
Fe  level  width  from  the  optical  data;  in  our  sample  A  =  20  meV. 
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Berry's  Phase  in  Fiber  Optics 


(A  talk  by  R.  Y.  Chiao  at  the  U.  S.  -  Japan  Seminar  on  Quantum  Mechanical  Aspects  of  Quantum 

Electronics  at  Monterey,  July  21-24,  1987) 


Abstract:  Berry  discovered  in  quantum  mechanics  a  topological  phase  factor  similar  to  the 
Aharonov-Bohm  phase  factor.  This  phase  is  acquired  by  a  system  when  it  is  adiabatically  transported 
around  a  closed  circuit  in  the  parameter  space  of  the  Hamiltonian.  Several  experiments  have  now 
confirmed  the  existence  of  this  phase.  I  shall  report  on  an  optical  experiment  which  observed  a 
manifestation  of  Berry's  phase  as  a  topological  optical  activity  in  a  helical  optical  fiber.  The 
wavelength-independence  of  this  new  optical  activity  has  also  been  verified.  Recently,  this  phase  has 
been  generalized  to  nonadiabatic  evolutions  by  Aharonov  and  Anandan.  I  shall  report  on  another 
optical  experiment  to  observe  this  nonadiabatic  phase.  Possible  applications,  e.g.,  to  gyroscopes,  will 
be  discussed. 
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Ordinary  Optical  Activity: 

Acp  =  2Tt(n+  -  n_)L/X 
0  =  Acp/2 

Topological  Optical  Activity: 
x>  =  (|+>  +  |-»/72 
x'>  =  (eiy  |  +>  +  e-i2r  |  ->)/n/2 
3"  =  -Q  is  Berry's  phase  for  | +> 
<x  |  x'>  =  cos# 

<x  x'>  2  =  cos2#  is  Malus's  law 


Therefore,  ©  =  ±Q. 


IQEC  "87  page  4 


The  sign  of  effect  is  determined 
by  interference  with  ordinary  optical 
activity. 

Answer:  a  left-handed  helix  is 
dextrorotatory. 

Comparing 

©  =  it(n+  -  n_)L/\ 


and 
0  =  Q 

we  see  that  the  topological  optical 
activity  is  wavelength  independent. 
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HIGH  DENSITY  FEMTOSECOND  EXCITATION  OF  NONTHERMAL  CARRIER 
DISTRIBUTIONS  IN  INTRINSIC  AND  MODULATION  DOPED  GaAs  QUANTUM  WELLS 

Wayne  H.  Knox,  Daniel  S.  Chemla  and  Gabriela  Livescu 
AT&T  Bell  Laboratories 
Holm  del,  NJ.  07733 


We  investigate  the  dynamics  of  non-therma!  carrier  distributions  in  undoped  and  modulation 
doped  GaAs  Quantum  Well  Structures  {layer  thickness  ~  100/4)  with  near  bandgap-resonant 
intense  femtosecond  light  pulses.  We  are  able  to  study  selectively  the  carrier<arrier  scattering 
process  up  to  very  high  densities  and  we  carry  out  the  first  optical  investigation  of  nan-thermal 
carrier  generation  in  the  presence  of  a  thermalized  Fermi-sea  of  electrons.  In  undoped  quantum 
wells  we  find  a  reduction  of  the  thermalization  time  from  about  100  fs  to  about  30fs  as  the 
photocarrier  density  increases  from  =2xl010  cm '2  to  ~  1012  cm'2.  The  thermalization 
time  is  found  to  be  sensitive  to  background  doping  with  excess  electrons  in  modulation  doped 
samples. 


Following  absorption  of  light  by  a  semiconductor,  electrons  and  holes  are  placed  into  states  of 
energy  which  are  defined  by  the  power  spectrum  of  the  exciting  light  and  the  band  structure 
of  the  material.  The  very  first  relaxation  process  which  the  electrons  and  holes  undergo  is  a 
scattering  interaction,  mediated  by  the  Coulomb  force  between  the  particles.  This  process  is 
only  one  of  the  many  elementary  interactions  which  may  occur  in  semiconductors  such  as 
phonon  absorption  and  emission,  intervalley  scattering,  plasmon  emission  and  radiative 
recombination. 

We  have  designed  experiments  in  which  the  carrier-carrier  scattering  process  can  be 
effectively  isolated  and  studied  under  diverse  conditions  in  order  to  learn  more  about  this 
basic  interaction  mechanism  which  has  been  to  date  elusive  by  virtue  of  both  its  short  time 
constants  (10-100  fs)  and  its  admixture  with  other  processes.  In  particular,  it  is  interesting  to 
consider  the  separate  roles  of  electron-electron  scattering,  electron-hole  scattering  and  hole- 
hole  scattering  and  to  understand  their  various  contributions  in  optical  experiments.  Of 
course,  optical  experiments  in  intrinsic  semiconductors  give  little  information  about  the 
distinction  of  these  effects  since  equal  numbers  of  electrons  and  holes  are  simultaneously 
created.  We  have  begun  investigations  in  modulation-doped  samples  which  are  designed  to 
help  us  understand  more  clearly  the  effects  of  the  electron  and  hole  relaxations  in  the 
presence  of  both  excess  electrons  and  excess  holes. 

The  first  evidence  of  rapid  thermalization  of  carriers  in  GaAs  with  high  excess  energy 
excitation  was  obtained  by  Tang  and  Erslrine  (1983)  in  single-wavelength  experiments  with 
femtosecond  optical  pulses  at  625  nm.  Oudar  and  coworkers  (1985)  later  studied  spectral 
hole  burning  in  bullc  GaAs  with  500  fs  pulses  near  the  bandgap.  Knox  and  coworkers  (1986) 
then  reported  experiments  in  GaAs  Multiple  Quantum  Well  Structures  (MQWS)  wherein 
pulses  of  80  fs  duration  near  the  bandgap  were  used  to 
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probe  the  dynamics  of  thermalization  of  an  initially  non-thermal  distribution.  In  this 
experiment,  the  excitation  pulsewidth  was  less  than  the  thermalization  time,  so  the 
actual  thermalization  process  was  spectrally  and  temporally  resolved.  Excitation  at 
1.50  eV  insured  that  the  electrons  and  holes  were  excited  only  in  the  gamma  valley 
and  had  insufficient  energy  to  emit  optical  phonons.  Under  these  conditions,  carrier- 
carrier  scattering  is  the  dominant  operable  relaxation  mechanism.  The  maximum 
excitation  density  in  this  experiment  was  about  N ~  2*1010  cm'2,  limited  by  optical 
pulse  energy  due  to  the  weak  infrared  continuum  which  is  available  from  a  system 
which  operates  in  the  visible  spectral  range,  since  the  continuum  intensity  decays 
exponentially  with  energy  on  both  sides  of  the  center  wavelength.  In  the  present 
experiments,  we  use  a  new  laser  system  which  has  recently  been  developed  which 
makes  available  for  the  first  time  intense  femtosecond  continuum  pulses  with  a  center 
wavelength  in  the  near  infrared  at  805  nm  at  6  kilohertz  repetition  rate  (Knox  1987). 
This  system  now  allows  us  to  continue  the  study  of  non-thermal  distributions  to  much 
higher  densities  than  previously  possible.  In  fact,  we  have  been  able  to  achieve  carrier 
densities  near  the  maximum  theoretical  carrier  density,  beyond  which  the  sample  has 
no  optical  absorption  at  the  pump  wavelength.  The  laser  system  has  been  discussed  in 
detail  (Knox  1987),  and  only  the  essential  features  will  be  mentioned  here.  Optical 
pulses  of  100  fs  duration  are  generated  at  805  nm  wavelength  in  a  two-jet 
synchronously  pumped  dispersion-compensated  dye  laser  and  amplified  to  1 
microjoule  energies  at  6  kilohertz  repetition  rate  in  a  six-pass  jet  amplifier  (Knox  and 
colleagues  1984).  These  pulses  are  focused  into  a  1  mm  jet  of  ethylene  glycol  and 
generate  a  white  continuum  pulse  which  is  centered  at  805  nm.  The  continuum 
distribution  on  the  infrared  side  810*900  nm  is  used  for  the  present  set  of 
measurements.  A  probe  continuum  is  split  off  with  a  4%  reflection  and  the  rest  of  the 
continuum  beam  is  used  as  a  continuously  tunable  intense  pump  pulse.  An 
interference  filter  at  825  nm  (1.50  eV)  is  selected  for  the  pump  pulse  filter.  The  probe 
pulse  passes  through  a  0.1  pm  resolution  stepper  motor  for  time  delay  adjustments, 
and  is  focused  to  a  20  nm  diameter  spot  on  the  sample.  The  pump  beam  is  focused  to 
a  diameter  of  55  nm  at  the  same  point  on  the  sample.  The  sample  and  interference 
filter  are  the  same  ones  which  were  used  in  our  previous  bole-burning  experiment 
(Knox  and  coworkers  1986).  The  system  time  response  as  determined  by  replacing 
the  sample  with  a  1  mm  LUO  3  crystal  is  150  fs  FWHM,  corresponding  to  100  fs 
continuum  and  selected  continuum  pulsewidths. 

It  has  been  shown  experimentally  (Knox  and  coworkers  1986)  and  theoretically 
(Schmitt-Rink,  Chemla  and  Miller  1985)  that  in  MQWS  the  effects  of  the  Pauli 
exclusion  principle  (phase-space  filling  and  exchange)  are  much  more  efficient  than 
the  direct  screening  of  the  Coulomb  interaction  in  bleaching  the  excitonic  as  well  as 
the  continuum  absorption.  Consequently  when  an  electron  bole  (e-h)  plasma  is 
photogenerated  in  the  continuum  above  the  exciton  resonances  of  the  n,  =  1  subband 
transition,  it  produces  first  a  spectral-hole  in  the  absorption  spectrum  that  reproduces 
the  electron,  rt,(k),  and  hole,  nk(k),  distributions.  In  the  leading  order  in  the 
perturbation  the  absorption  coefficient  in  the  continuum  can  be  written; 
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In  addition  the  carriers  can  induce  a  strong  bleaching  of  the  excitonic  resonances  by 
occupying  states  that  form  the  basis  for  the  exciton  wavefunction  in  k-space  which 
describes  the  correlated  e-h  pair  relative  motion  ♦(£).  These  states  are  located  within 
one  exciton  binding  energy  (  £*  =\0meV)  of  the  bottom  of  the  band  (Schmitt- Rink, 
Chemla  and  Miller  1985).  Therefore,  measurement  of  the  evolution  of  the  changes  in 
absorption  both  at  the  energy  where  the  photocarriers  are  generated  and  at  the 
exciton  resonance  yields  two  internal  probes  of  the  dynamics  of  the  carriers.  The  line 
shape  and  the  evolution  of  the  spectral- hole  gives  information  about  the  scattering  of 
the  carriers  out  of  the  state  in  which  they  were  generated.  The  evolution  of  the  exciton 
peak  gives  information  or;  the  time  they  take  to  reach  the  bottom  of  the  band  and  the 
internal  details  of  the  relative  importance  of  Pauli  exclusion,  screening  and  exchange 
contributions  (Schmitt- Rink,  Chemla  and  Miller  1985). 


We  discuss  first  high  density  excitations  in  undoped  quantum  wells.  Fig.  (1)  shows  the 
absorption  spectrum  of  an  undoped  sample  before  excitation  and  at  a  time  delay 
which  corresponds  to  the  best  time  overlap  of  the  pump  and  probe  pulses  (which  we 
refer  to  as  the  "t  =  (F  point)  and  at  a  delay  A  t  -  132  fs.  The  excitation  distribution  as 
determined  by  the  pump  beam  interference  filter  is  also  shown.  A  deep  spectral  hole 
burning  is  observed,  where  the  absorption  dips  nearly  to  zero.  Also  shown  in  Fig.  1  is 
the  approximate  absorption  saturation  which  was  obtained  in  the  previous  experiment 
at  about  2xl010cm*,  carrier  density,  for  comparisoa  At  high  densities,  we  find  that 
this  distribution  is  well-centered  at  the  pump  energy,  and  very  rapidly  relaxes.  This  is 
shown  in  Fig.  (2)  where  a  set  of  differential  spectra  at  various  delays  between  A  t  =  - 
270  fs  and  +  270  fs  are  presented.  They  show  very  clearly  the  effect  of  the 
photocarriers  on  the  continuum  and  excitonic  absorption  as  they  are  generated  and 
during  their  thermalization.  It  is  difficult  to  determine  accurately  the  carrier  density  in 
these  type  of  experiments,  and  particularly  so  at  high  densities,  since  the  absorption  of 
the  pump  pulse  is  both  weak  and  time-varying  over  a  significant  range  during  the 
excitation  pulse.  We  estimate  that  in  the  case  of  Fig.  (2):  Ntk  ~  101,cm  '*  within  a  50% 
accuracy. 


In  order  to  determine  the  dynamics  of  the  thermalization,  we  show  in  Fig.  (3)  the 
value  of  the  absorption  bleaching  at  the  peak  of  the  spectral  hole  and  at  the  n,  - 1 
heavy  hole  (hh)  exciton.  Two  excitation  intensities  are  shown:  Fig.  (3a) 
Af^^~2<10ucm',,  Fig.  (3b)  A^-lxlO^cm'*.  The  insets  show  the  spectral  shape  of 
the  pump  and  non-thermal  signals  at  t  =  0  for  the  respective  cases. 


It  is  clear  from  this  study  that  the  relaxation  of  the  non-thermal  peak  becomes  faster 
at  higher  densities.  The  time  courses  in  Fig.  3  indicate  this  point  in  several  ways.  The 
recovery  of  the  absorption  at  the  hole  is  time  resolved  for  the  medium  excitation  case 
of  Fig.  3a,  as  indicated  by  the  asymmetry  in  the  time  course  compared  to  the 
measured  system  time  response.  For  this  case,  the  measured  hole  burning  signal  has 
about  the  same  magnitude  as  the  excitonic  differential  signal.  For  the  high  density 
case,  the  time  asymmetry  disappears,  indicating  that  the  thermalization  time  is 
significantly  less  than  the  system  response,  and  the  height  of  the  measured  bole* 
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burning  decreases  relative  to  the  excitonic  differential  signal  Two  processes  are 
responsible  for  this  behavior.  First,  we  determine  that  the  thermalization  time  is 
density-dependent.  Second,  the  excitonic  differentia]  signal  saturates  at  a  lower  carrier 
density  than  the  non-thermal  distribution  signal.  Figure  1  shows  that  the  exciton 
absorption  is  completely  bleached  at  the  high  density,  and  it  is  replaced  by 
renormalized  continuum  absorption.  Therefore,  we  explain  these  results  as  follows:  at 
low  densities,  thermalization  times  are  longer  than  the  system  response,  but  since  the 
density  is  much  below  the  saturation  density,  the  excitonic  signal  is  about  10  times 
larger  than  the  hole  signal  (Knox  and  coworkers  1986).  At  these  new  higher  densities, 
the  resulting  hole  burning  signal  increases  with  density  until  the  thermalization  time 
becomes  comparable  to  the  system  time  response,  beyond  which  point  it  decreases. 
Dynamically,  the  bleaching  at  the  exciton  peak  increases  steadily  and  reaches  its 
maximum  value  in  a  shorter  time  as  the  excitation  density  is  increased.  This  shows  that 
the  carriers  fill  up  the  bottom  of  the  band  more  rapidly  at  high  densities.  We  note 
that  the  width  of  the  spectral  hole  also  increases  as  the  carrier  density  is  increased,  as 
can  be  seen  in  the  insets  of  Fig.  3.  This  result  is  related  to  the  strong  saturation  of  the 
n  =  1  continuum.  In  Fig.  1  it  is  clearly  seen  that  a  density-dependent  broadening  is 
expected  since  there  is  less  absorption  near  the  peak  of  the  pump  spectrum  than  there 
is  at  the  wings. 

A  complete  analysis  of  these  results  is  extremely  complicated,  even  in  our  case 
with  only  carrier-carrier  scattering  in  the  T  valley  with  no  significant  phonon  emission. 
To  our  knowledge,  two  groups  have  performed  Monte-Carlo  simulations  of  our 
experiment  in  the  low  density  limit:  Goodnick  and  Lugli  (1987)  and  Bailey  and 
coworkers  (1987),  an  approach  which  requires  heavy  numerical  computations  but 
allows  for  the  inclusion  of  a  number  of  important  effects.  We  have  developed  a  simple 
model  for  the  thermalization  of  the  photocarriers,  involving  a  single  relaxation  time  rr 
in  which  we  assume  that  no  energy  is  exchanged  with  the  lattice  in  the  time  scale  of 
the  experiment,  and  there  is  no  loss  of  carriers  to  intervalley  scattering  or 
recombination.  The  absorption  saturation  is  obtained  according  to  Eq.(l)  and  we 
assume  a  local  equilibrium  relaxation  toward  the  Fermi  distribution  corresponding  to 
the  instantaneous  number  of  carriers  present  in  the  sample.  This  simple  model  thus 
incorporates  the  major  ingredients  of  the  experiment  and  summarizes  the  results  in  a 
single  parameter  rr.  This  model  will  be  discussed  in  more  detail  elsewhere.  We  find 
that  the  measured  spectral-bole  and  exciton  bleaching  evolution  of  Fig.  (3)  are  nicely 
reproduced  by  rf  =  6 Qfs  and  3 Qfs  respectively.  Similar  consideration  of  the  data  of 
Knox  and  coworkers  (1986)  yields  r,  =  100£.  Thus  when  N,k  increases  by  at  least  a 
factor  of  50,  r,  decreases  by  approximately  a  factor  of  3,  showing  that  the  relaxation  is 
not  a  very  strongly  varying  function  of  the  density.  It  is  interesting  to  note  that  the 
relaxation  time  we  measure  at  the  highest  density  is  significantly  slower  than  that 
measured  by  Lin  and  coworkers  (1987)  for  densities  of  a  few  times  We 

attribute  this  difference  to  the  fact  that  in  our  experiment  carrier-carrier  scattering  is 
the  only  relaxation  channel  whereas  in  the  case  of  large  excess  photon  energy  phonon 
scattering  as  well  as  a  number  of  other  processes  also  participate  in  the  relaxation,  and 
the  measured  relaxation  rate  is  the  sum  of  the  individual  rates.  All  these  processes 
may  have  different  scalings  with  carrier  densities,  so  it  is  important  to  isolate  each 
process  to  determine  its  density  dependence.  Nonetheless,  the  weak  dependence 
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which  we  find  for  the  density  dependence  of  the  carrier-carrier  scattering  rate  in  our 
high  density  experiments  is  consistent  with  the  weak  dependence  which  has  been 
found  in  other  experiments.  It  is  interesting  to  note  that  the  relaxation  time  for  our 
highest  density  is  only  30  fs  (our  model  indicates  that  if  it  were  less  than  30  fs,  such  a 
prominent  hole  would  not  be  observed)  and  this  is  only  about  a  factor  of  two  lower 
than  the  maximum  theoretically  obtainable  excitation  density  for  a  96  A  quantum  well. 
By  incorporating  a  properly  saturating  driving  term  into  our  model,  we  are  able  to 
explain  our  experimental  result  that  the  spectral  hole  becomes  broader  at  high 
saturation  levels.  We  note  that  in  the  previous  experiment  (Knox  and  coworkers  1986) 
the  spectral  hole  width  was  essentially  equal  to  the  excitation  bandwidth,  whereas  in 
the  data  of  Fig.  2  at  high  density,  the  differential  spectrum  is  about  twice  as  broad  as 
the  pump  spectrum.  We  note  that  the  small  energy  offset  between  the  pump  and 
spectral  hole  in  the  previous  experiment  (Knox  and  coworkers  1986)  is  not  reproduced 
in  these  experiments.  We  determine  that  the  spectral  hole  center  is  within  1  meV 
from  the  center  of  the  excitation  pulse  in  the  present  experiments. 

As  mentioned  in  the  introduction,  by  performing  identical  experiments  in  samples  in 
which  a  distribution  of  excess  charged  particles  already  exists  before  excitation,  we 
may  learn  more  about  the  carrier-carrier  scattering  process  and  about  the  various 
components  it  involves.  In  particular,  experiments  on  ballistic  transistors  are 
performed  in  such  a  way  that  nearly  raonoenergetic  electrons  are  injected  into  a  gate 
region  in  which  a  sea  of  carriers  are  already  thermalized  to  the  lattice  (Levi  and 
coworkers  1985)  and  Heiblum  and  coworkers  (1985).  Under  these  conditions,  it  has 
been  possible  to  calculate  scattering  rates  as  a  function  of  excess  energy  and  density 
(Levi  and  coworkers  1985).  In  optical  experiments  in  undoped  samples,  the  the  non* 
thermal  distribution  at  time  t  therm alizes  by  interactions  with  itself  and  not  another 
already  thermalized  distribution.  In  order  to  investigate  these  effects  we  have  repeated 
the  experiment  with  modulation  doped  (MD)  samples.  Here  we  report  preliminary 
results  on  a  n-type  sample  which  consists  of  50  periods  of  120  A  GaAs  QW 
sandwiched  between  350  A  AlGaAs  barriers  whose  central  113  A  contain 
3xl017cm'3  Si  dopant.  The  density  of  electrons  in  the  QW,  N,  =3.5x10 11  cm'2  was 
determined  by  Hall  measurements.  Figure  (4)  shows  the  absorption  spectrum  of  a 
room  temperature  MD-MQWS  before  excitation  and  the  Ar  =  0  absorption 
spectrum  of  the  sample  excited  to  Aff*  ~  lxlO^cm  **  by  a  pump  centered  at  840  nm.  It 
is  clear  that  the  relaxation  is  very  different  from  that  of  the  undoped  sample,  since 
there  is  no  hole-burning.  The  line  shape  of  the  unexcited  sample  absorption  spectrum 
deserves  some  comments.  The  peak  seen  at  1.45  eV  is  not  an  exciton,  but  corresponds 
to  the  electron-hole  correlation  singularity  recently  investigated  theoretically 
(Ruckenstein  and  Schmitt-Rink  1987),  and  experimentally  (Livescu  and  coworkers 
1987).  This  resonance  is  due  to  the  motion  of  the  Fermi-sea  of  electrons  in  reaction  to 
the  sudden  appearance  of  the  hole  upon  absorption  of  a  photon.  This  screening  of  the 
Coulomb  potential  of  the  hole  correlates  this  latter  to  the  whole  Fermi-sea  thus 
forming  a  collective  "many-body"  analog  of  the  hydrogenic  exciton  of  the  undoped 
samples.  In  Fig.  (5)  the  complete  time  delay  scans  are  shown.  A  thermalized 
distribution  is  observed  instantaneously  in  this  experiment  Apparently,  the  effect  of  a 
moderate  background  density  of  excess  electrons  which  are  thermalized  to  the  lattice 
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is  to  greatly  increase  the  scattering  rate.  We  estimate  by  comparison  with  our  model 
that  the  relaxation  time  is  less  than  10  fs  for  these  'conditions.  One  possible 
explanation  of  this  is  that  electron-electron  scattering  rates  are  enhanced  by  carrier 
occupation  near  k  =  0.  Before  the  non-tbermal  distribution  thermalizes,  there  is  no 
k=0  occupation,  as  has  been  shown  experimentally  (Knox  and  coworkers  1986)  and 
theoretically  (Schmitt-Rink,  Chemla  and  Miller  1985).  This  striking  result  is 
consistent  with  recent  Monte-Carlo  simulations  in  which  a  variable  background 
density  was  included  (Bailey  and  coworkers  1987).  These  calculations  indicated  that 
the  non-thermal  component  vanishes  when  the  background  density  is  increased.  This 
can  be  interpreted  as  a  very  rapid  thermalization  which  is  faster  than  the  laser  pulses 
which  are  used  to  make  the  measurements. 

To  our  knowledge,  these  results  represent  the  first  optical  investigations  of  non- 
thermal  carrier  generation  in  doped  structures,  and  we  envision  further  extensions  to 
p-doped  structures  in  which  we  may  obtain  information  on  the  separate  roles  of 
electron  and  hole  contributions  in  optical  experiments. 


SUMMARY 


We  have  investigated  non-thermal  carrier  generation  in  GaAs  MOWS  at  high 
excitation  densities  by  making  use  of  a  new  laser  system  which  generates  intense  100  fs 
white  light  continuum  pulses  centered  at  805  nm  at  6  kilohertz  repetition  rate.  We  find 
that  carrier-carrier  scattering  alone  yields  thermalization  rates  only  as  fast  as  30  fs  at 
densities  close  to  the  theoretical  maximum  for  n=l  in-band  excitation.  We  find  that  as 
the  density  is  varied  over  approximately  50- 100  times,  the  scattering  rate  varies  by  only 


a  factor  of  3  or  so.  We  find  that  the  width  of  the  non-tbermal  distribution  depends  on 
carrier  density.  A  simple  dynamic  relaxation-time  approximation  with  a  self-consistent 
renormalized  Fermi  local-equilibrium  distribution  function  reproduces  our  dynamic 
results  quite  well,  and  agrees  qualitatively  with  Monte-Carlo  simulations. 
Experiments  in  modulation-doped  samples  show  significant  sensitivity  to  background 


electron  doping,  and  relaxation  times  of  less  than  10  fs  are  found  for  doping  densities 
of  3.5x10* ‘cm'* 
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FIGURE  CAPTIONS 


Figure  1  -  Optical  absorption  spectra  of  96  A  GaAs  MQWS  at  300  K,  before 
excitation,  at  t  =  0  when  non-thermal  distribution  is  at  a  peak,  and  at 
132  fs  after  t  =  0,  and  the  excitation  pulse  spectrum. 

Figure  2  -  Differential  transmission  spectra  at  66  fs  delay  intervals  for  undoped  96 
A  MQWS. 

Figure  3  -  Time  courses  at  exciton  and  at  the  nonthermal  peak  for  (a)  medium 
density  :  2xlOncm'J,  and  (b)  high  density  :  lxl011cm*J.  Insets  show  the 
shape  of  the  spectral  hole  burning  signals  at  t =0. 

Figure  4  -  Modulation  doped  n-type  sample  spectra.  Absorption  spectrum  before 
t  =  0,  at  t  =  0  and  pump  pulse  spectrum,  and  pump  spectrum  at  845 
nm.  showing  no  evidence  for  non-thermal  distribution.  This  result 
implies  a  thermalization  time  of  less  than  10  fs. 

Figure  5  -  Differential  transmission  scans  for  n-type  doped  sample  at  33  fs 
intervals.  Doping  density  is  3.5xl0ncm  ,  as  determined  from  Hall 
measurements. 


Dynamical  Aspects  of  Carrier  Tunneling 
in  Semiconductor  Superlattices 

Yasuaki  Masumoto 
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Sakura-mura,  Niihari-gun.  Ibaraki  305,  Japan 

Abstract 

Dynamical  carrier  processes  in  GaAs-AlGaAs  superlattices  are  studied 
by  means  of  picosecond  spectroscopy  and  population  mixing  technique 
under  the  electric  field  along  the  superlattice  direction.  Two  prominent 
structures  are  found  in  the  curves  of  exciton  luminescence  and 
photocurrent  vs.  the  electric  field.  They  are  ascribed  to  the  onset  of 
exciton  dissociation  followed  by  electron  tunneling  through  AlGaAs 
barriers  and  resonant  electron  sequential  tunneling.  The  electron 
tunneling  rate  is  determined  to  be  1/  (430ps)  and  is  compared  with 
calculations.  In  addition,  competitive  nature  of  ultrafast  processes  of 
photo-excited  electron-hole  pairs,  exciton  formation  and  pair  ionization 
followed  by  tunneling  through  barriers,  are  clarified  under  the  various 
electric  field. 
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SUMMARY 


EXPERIMENTAL  AND  THEORETICAL  STUDIES  OF 
COHERENT  AND  NONTHERMAL  PROCESSES  IN  SEMICONDUCTORS 
PROBED  BY  FEMTOSECOND  LASER  TECHNIQUES 


N.  Peyghambarian  and  S.  W.  Koch 
Optical  Sciences  Center 
University  of  Arizona 
Tucson.  AZ  85721 

The  coherent  interaction  of  femtosecond  laser  pulses  and  a  thin  CdSe  sample  is  investi¬ 
gated  both  experimentally  and  theoretically.  Observation  of  coherent  phenomena  in  semicon¬ 
ductors  is  very  rare  because  the  incoherent  processes  occur  in  the  femtosecond  time  domain  in 
these  materials.  One  example  of  such  a  phenomena  is  the  so  called  optical  Stark  effect  of  exci- 
ton  where  a  blue  shift  of  the  exciton  resonance  occurs  as  a  result  of  pumping  below  the 
bandgap  (in  the  transparency  region).  Here,  we  report  on  our  investigations  of  coherent  effects 
involving  band-to-band  and  also  exciton  transitions.  Using  femtosecond  transmission  measure¬ 
ments  we  observe  clear  evidence  for  coherent  interference  effects  of  the  light  field  and  the 
driven  material  polarization.  These  interferences  manifest  themselves  as  oscillatory  structures 
in  the  differential  transmission  spectra.  The  structures  are  observed  either  in  the  spectral  vic¬ 
inity  of  the  exciton  pulse  for  resonant  interband  excitation,  or  around  the  exciton  resonance. 
Experiments  were  performed  in  a  pump-probe  geometry  with  the  pulses  having  a80  fs  dura¬ 
tions.  The  transmission  of  the  probe  pulse  in  the  presence  and  absence  of  the  pump  pulse  is 
detected  and  the  normalized  difference  (DTS)  is  plotted  against  probe  wavelength  at  various 
time  delays  between  the  two  pulses.  DTS  show  oscillatory  behavior  at  early  times  where  the 
probe  preceeds  the  pump  on  the  sample  (negative  time  delays). 

These  oscillatory  features  are  explained  by  comparison  with  a  semiclassical  theory.  We 
assume  a  weak,  short  probe  pulse  interacting  with  the  time-dependent  medium  polarizaticn 


which  is  driven  by  the  strong  pump  field.  We  consider  the  case,  where  the  peak  of  the  probe 
pulse  precedes  the  maximum  of  the  pump  pulse.  The  different  electron-hole-pair  states  of  the 
semiconductor  are  modelled  as  mutually  uncoupled  transitions,  each  of  which  is  described  by  a 
density  matrix.  The  dissipative  scattering  processes  among  the  elementary  excitations  are  in¬ 
cluded  through  phenomenological  decay  rates  in  the  equation  of  motion  for  the  density  matrix. 
The  theory  has  been  evaluated  for  the  cases  of  resonant  interband  pumping  where  the 
transmission  is  probed  around  the  frequency  of  the  pump,  and  for  the  case  of  nonresonant 
pumping  where  the  transmission  changes  are  measured  at  the  exciton. 

Examples  of  the  computed  results  are  presented  for  different  time  delays  between  probe 
and  pump.  Similar  to  the  experimental  results,  the  spectra  show  clear  oscillatory  structures 
when  the  probe  precedes  the  pump.  The  physical  explanation  of  the  observed  oscillatory 
structures,  which  are  reminescent  of  Ramsey  fringes  in  atomic  physics,  is  a  transient  popula¬ 
tion  grating  originating  from  the  pump  and  probe  inside  the  crystal.  The  grating  is  generated 
essentially  during  the  temporal  overlap  of  the  pulses  and  the  oscillations  in  the  spectra  are 
caused  by  the  interference  between  the  probe  pulse  and  that  part  of  the  pump  pulse  which  is 
scattered  from  the  grating  into  the  direction  of  the  probe  beam.  The  oscillation  frequency  is 
determined  by  the  time  delay  between  pump  and  probe.  An  increase  of  the  temporal  overlap 
between  the  pulses  reduces  the  number  and  the  amplitude  of  the  oscillations  with  respect  to  the 
central  peak.  A  detailed  analysis  of  the  relative  importance  of  the  different  damping  processes 
shows  that  the  shape  of  the  oscillatory  structures  is  rather  insensitive  to  the  value  of  the  dipole 
damping  rate.  However,  the  oscillatory  features  depend  very  strongly  on  the  population  decay 
rate.  Increasing  the  population  decay  decreases  the  amplitude  of  the  oscillations  with  respect  to 
the  central  peak  until  only  a  broadened  peak,  the  spectral  hole,  is  left. 

To  analyze  the  situation  where  the  transmission  spectra  are  measured  in  the  vicinity  of  the 
exciton  frequency,  we  modelled  the  exciton  as  a  single  homogeneously  broadened  transition. 
The  oscillations  in  the  differential  transmission  spectra  now  occur  around  the  exciton  fre¬ 
quency.  Assuming  non-resonant  excitation  spectrally  below  the  exciton.  we  obtain  asymmetric 


structures  due  to  the  detuning  of  the  pump  laser  from  the  exciton  resonance.  When  the  delay 
time  approaches  zero,  the  oscillations  gradually  disappear  and  the  transmission  changes  assume 
the  dispersive  shape  characteristic  for  the  optical  Stark  shift.  Hence,  the  oscillatory  structures 
should  be  viewed  as  the  early  stages  of  the  optical  Stark  effect  in  short-pulse  pump-probe 
spectroscopy.  For  large  time  delays,  only  a  Lorentzian  remains  representing  the  exciton  satura¬ 
tion  caused  by  the  pump  pulse.  For  the  case  of  resonant  interband  excitation,  one  can  observe 
the  oscillatory  structures  not  only  around  the  centra]  pump  frequency,  but  also  around  the 
exciton  resonance.  These  experimental  observations  are  in  qualitative  agreement  with  the  theo¬ 
retical  results  which  predict  large  oscillation  amplitudes  around  the  exciton  transition  even  for 
large  detunings  partly  due  to  the  greater  exciton  oscillator  strength. 


EXPERIMENTAL  AND  THEORETICAL 
STUDIES  OF  COHERENT  AND 
NONTHERMAL  PROCESSES  IN 
SEMICONDUCTORS  PROBED  BY 
FEMTOSECOND  LASER  TECHNIQUES 


N.  Peyghambarian  and  S.  W.  Koch 


Collaborators: 


Experiment:  B.  Fluegel 
Theory:  M.  Lindberg 


OUTLINE 


-  -  Introduction 

--Observation  of  Coherent  Optical 
Phenomena  Around  the  Pump 
Frequency  and  Exciton  in  CdSe 

-  -  Theoretical  Simulations 

-  -  Conclusion 


Dynamics  of  Laser -Excited 
Electron -Hole  Pairs 


1.  Coherent  Regime  or 
Collision -Free  Regime 

Rabi  flopping  of  electrons  between  band 
states. 


2.  Nonthermal  Distribution  Regime 

Collisions  destroy  phase  coherence 
Spectral  hole  burning 


3.  Quasi -Thermal  Regime 

Optical  Nonlinearities 
Coulomb  Screening 
Bandgap  Renormalization 
State  Blocking 


1 


‘S' 


Op-t'C*/  stork  £//<c4 


% 

Non-  rtSO^OrJ  t*u-h.+‘*n 


*  >»r~f 


•  *C^  C+  J 

S/o*Ltk*++  §.+-*£ 


Ins0- 

aJ 

£xc^  ot-  /*'£  ®c 


-402- 


_ __ _ 


semi Classical  i~H£OR.v 


rfiocx tr  FfolJi  ^U/ca//|  a*d  Mtffen*/ 


£7//  __  zr  //»  *  *(A-.r  —jnt) 

CW-ELtVe. _ i-Ep(*)e  * _  L, 

v^ix^p  - ^yc*»“© 

.Trull UfS  MwlUM  [56  lart'ga.'f’/** 

pf  (i)  X(t,  V  )  ff(t’t  JLmimr  R«^e 


UtbvUL 


(Hr*"-*.*"  C*~~C 

aoLsctf-t.kl.-4j  to  P*~r  /”•  ■“ 


STcojj  =  -vrs  =  jfeiztlcze. 

I  (a)  I  ^  ^  off 


£  T(o)  oi.  -  T, 


-tf>  -Z-  atla.yt’iiitt 


[l 


90  C(cj-JT.jt  r 

dt  e.  d  X  (t*tp  ,ip_ 


) 


*•  Co  Jl €(,+*•  m  of  lf\ M 

\ts./lf**Jurf  & J?nc(*.c/4  Co-l*+lo 

/*^  ph&r\o  m+no  fe^tCA  L  f***f>'^ 

r%1~es  jur  <jttX  ‘i.—s4*-fa.. 


^*'"*3  Ft+m»bt*\yf  fexe+u.  A  si W/. 

g-  /„  =>>r^4  -^4,  ]  _r/xi 

*  ^  °  '>!-*'«//„ -f^Aj  -r/„^ 

j<  4.  =-/‘«<‘/+»J4  -i»EttMj^  -f„) 


;cu/  \r 

SCA&- 


r  = 


Decay  n^t'c^/jr  rr'^" 

.  *  • 

*  '*  "  rttfn  -  &y\*J  «  y 

^  pohrifah** 

f*\  U  i  s4*4* 


X  : 
1  =■ 


CenVtiC'ff^  b*~J. 
1/+(a*U+  b&~^ 


/*= 


mjt 


■fr  Ijt 


-408- 


t, 

11 


Res  c  **7* 

ficSo***'lfj  eXLi-f*  &  -  !» 

Canfi  +  <****.  &f~  4k.-S'b*“faj 

•  •  •  t 

5w»»-s  ©✓*/*  y^c  r**p *>***•  ef~  *  ^  c**4r,  b<{"* 

P~- r  X-Pa 

A. 


I 


*« 


(S+h^ett  -f~r*«ASi’ft*4 


fi/o  + -C£So+-*~^  Ci'hlJ’***  I 

•<  ! 
^jrt*fCV».  fj 

J§4**e/  &4*~  exct'fa* 


C9^"f'r,'b^mf‘,*n  L+»^  $+*'+4S  osul  ntgfccrt'*'/ 


c 

<3 


T(u>=  T.  x 


E^-tp-Vj  E*  Hp-i'.-t)  y-  e~ 


J4’  -<-z*-rjt'  7 

Jo  ^  e  c^^ip-vj  c*(tp-v)} 


ExtiJa*  /< 


9'*** 


(X 


^  *»/"  tctt/ "  I ‘ii"<r>r<‘*] 

*  fc—  */<*» 


Y- 


a  fUT  £e*Jrm.t  firt^LUc^j 
Lft  zz  &X  C(^on  l t*t  tsieftf 

^  ^  -/rtn*y  exu^ 


o[ '<**-*  J] 


CdSe  10  K 


U.S. -Japan  Workshop 
Monterey,  1987 


Femtosecond  Studies  of  Hot  Carrier 
Relaxation  in  GaAs  and  AlGaAs 

E.  P.  Ippen  and  J.  G.  Fujimoto 

Department  of  Electrical  Engineering  and 
Computer  Science  and  the  Research  Laboratory 
of  Electronics 

Massachusetts  Institute  of  Technology 
Cambridge,  MA  02139 

ABSTRACT 

Femtosecond  carrier  dynamics  in  GaAs  and  AlGaAs  thin  films 
have  been  studied  by  femtosecond  pump-probe  absorption 
saturation  spectroscopy.  Identical  pulse  measurements  monitor 
the  rapid  scattering  of  the  carriers  out  of  their  initial, 
optically  excited  states.  Multi-wavelength  continuum  probe 
investigations  confirm  the  presence  of  the  initial  non-thermal 
carrier  distribution  as  well  as  the  appearance  of  state-filling 
throughout  the  band  on  a  timescale  of  tens  of  femtoseconds. 

SUMMARY 

We  describe  a  series  of  experiments  which  use  femtosecond 
optical  pulses  to  excite  carriers  in  thin  films  of  GaAs  and 
AlGaAs  semiconductors.  Other,  time-delayed  femtosecond  pulses 
are  then  used  to  probe  the  induced,  and  time-varying,  changes  in 
optical  absorption  that  follow  the  excitation.  Using  pump  and 
probe  pulses  of  the  same  wavelength,  we  have  investigated  how 
long  it  takes  highly  excited  carriers  to  scatter  out  of  their 


initial,  excited  energy  distribution.  These  experiments  were 
performed  as  a  function  of  excitation  density,  pulse  duration, 
and  sample  composition.  For  an  excitation  photon  energy  of  1.98 
eV,  the  largest  changes  in  behavior  were  found  to  occur  with 
changes  in  A1  concentration.  In  a  second  set  of  investigations, 
we  have  used  probe  pulses  of  various  wavelengths,  derived  from  a 
femtosecond  continuum,  to  determine  where  the  carriers  go  when 
they  leave  their  initial  excited  states  and  how  their 
distribution  develops  subsequently.  In  these  experiments,  the 
initial  excitations  can  be  observed  directly  as  absorption 
saturation  holes.  Electrons  are  then  observed  to  redistribute 
rapidly,  in  tens  of  femtoseconds,  throughout  the  conduction  band 
and  to  cool  to  the  lattice  on  a  slower,  picosecond  timescale. 

The  laser  source  for  the  identical-pulse  experiments  was  a 
CPM  ring  dye  laser  incorporating  internal  prisms  for  control  of 
dispersion.  In  addition,  a  pair  of  prisms  was  used  external  to 
the  laser  cavity  to  permit  independent  adjustment  of  pulse 
duration  and  chirp.  Thus,  we  were  able  to  produce  either 
bandwidth-limited  pulses  of  variable  duration  (35  -  150  fs)  or 
pulses  of  variable  chirp.  Variations  of  both  parameters  were 
used  to  verify  the  speed  and  energy  shifts  of  the  carrier 
relaxation  dynamics  being  observed.  Pump-probe  traces  revealed 
dynamic  behavior  that  could  be  separated  into  two  different 
temporal  regimes:  a  partial  rapid  recovery  of  absorption 
corresponding  to  the  carriers  leaving  their  initial  excited 
states;  and  a  slower,  picosecond  decay  that  can  be  attributed  to 
the  cooling  of  the  distribution  to  the  lattice  via  L0  phonon 


,v,l 


i 


emission.  The  latter,  picosecond  contribution  had  approximately 
the  same  time  constant  in  all  samples  studied.  The  early  rapid 
response,  however,  varied  in  time  constant  from  less  than  30  fs 
for  GaAs  to  130  fs  for  AlGaAs  with  0.3  mole  fraction  Al.  This 
variation  is  due  to  changes  in  a  number  of  factors  including  the 
initial  excess  energy  of  the  carriers,  simultaneous  excitation 
of  carriers  from  different  valence  bands,  and  the  probability  of 
intervalley  scattering. 


For  the  continuum  probe  experiments  the  output  of  the  CPM 
laser  was  amplified  with  the  help  of  a  high-repetition-rate 
pulsed  copper  vapor  laser.  A  fraction  of  the  amplified  output 
was  split  off  for  use  as  a  pump  beam.  The  remainder  was 
focussed  into  a  thin  jet  of  ethylene  glycol  to  generate  a 
broadband  continuum  probe  pulse.  Results  obtained  using  this 
system  were  consistent  with  the  results  described  above;  and 
they  revealed,  for  the  first  time,  transient  absorption  holes 
due  to  excitation  from  the  split-off  valence  band  as  well  as 
that  from  the  light  and  heavy  hole  band.  The  continuum  probe 
also  confirmed  that  state  filling  throughout  the  band  becomes 
evident  within  tens  of  femtoseconds  of  excitation. 


This  work  was  supported  in  part  by  the  Air  Force  Office  of 
Scientific  Research  Grant  85-0213.  JGF  acknowledges  support 
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Exciton  Relaxation  Phenomena  in  a  Disordered  System 


Masaki  Aihara 

Department  of  Physics,  Faculty  of  Liberal  Arts 
Yamaguchi  University 


Exciton  relaxation  phenomena  in  a  disordered  system  are 
theoretically  investigated  by  transient  resonant  light 
scattering  and  the  transient  optical  parametric  effect. 

For  transient  resonant  scattering,  following 
observation  are  made.  In  the  case  of  weak  disorder,  the 
fast  scattering-like  and  the  slow  luminescence-like 
components  distinctively  arise  in  the  time-resolved 
spectrum  of  resonantly  scattered  radiation,  as  shown  in 
Fig.  1.  in  figures,  &  is  the  disorder  strengh,  C  is  the 
atomic  concentration  of  a  binary  mixed  crystal,  t"  is  the 
inverse  of  the  exciton  lifetime,  n.  and  are  mean  photon 
energies  for  incident  and  scatterei  radiation,  and  5  is  the 
spectral  width  of  incident  radiation. 

In  the  case  of  strong  disorder,  the  scattering-like 
rapid  component  and  the  luminescence-like  slow  components 
are  amalgamated  as  shown  in  Fig.  2,  which  reflect  the 
diffusive  motion  of  excitons  caused  by  the  higher-order 
multiple  scattering  of  excitons  due  to  strong  disorder. 

In  the  case  of  very  strong  disorder  with  the  split 
spectrum,  the  quantum  beat  effect  inherent  in  the  excitons 
in  mixed  crystals  arises  as  shown  in  Fig.  3. 

For  the  transient  optical  parametric  effect,  a 
significant  deviation  from  the  exponential  decay  is  found 
even  in  the  case  of  relatively  weak  disorder,  as  shown  in 
Figs.  4  and  5.  This  is  a  kind  of  the  non-Mar kovian 
relaxation,  where  the  memory  effect  associated  with  the 
exciton  dephasing  takes  part  in  the  problem. 

In  the  case  of  strong  disorder,  there  arises  a 
transient  response  similar  to  the  photon-echo  phenomenon, 
as  shown  in  Fig.  6.  This  is  the  reflciion  of  the  fact  that 
excitons  are  not  coherently  extended  in  crystals,  but  are 
momentarily  localized  due  to  disorder. 


Fig.  1 
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Generation  of  number-phase  minimum  uncertainty  states 

7.  Yamamoto,  S.  Machida,  N.  Imoto,  M.  Kitagawa  and  G.  Bjork 
NTT  Basic  Research  Laboratory 
Musashinoshi ,  Tokyo  180,  Japan 

The  difference  between  the  two  nonclassical  lights,  i.e.  the  squeezed 
state  and  number-phase  minimum  uncertainty  state  (NUS)  is  discussed. 
The  four  different  generation  principles  for  NUS  are  described.  They 
are 

1)  unitary  evolution  using  self-phase  modulation1^, 

2)  nonunitary  state  reduction  by  the  first  kind  measurement  , 

3)  controlled  state  reduction  by  quantum  correlation  measurement- 
feedback^  ^ ,  and 

4)  highly  saturated  laser  oscillator  with  suppressed-pump-noise  '  . 

The  constant  current-driven  semiconductor  laser  based  on  the  last 

principle  generated  the  NUS  with  photon  number  noise  reduced  below  the 

standard  quantum  limit  by  40%  in  the  entire  frequency  region  from  dc  to 

9) 

1.1GHz.  Several  applications  of  NUS  including  quantum  communication  , 
quantum  mechanical  computers1^  and  interferometric  gravitational 
detection  are  discussed  briefly. 
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8)  S.  Machida,  Y.  Yamamoto  and  Y.  Itaya,  Phys.  Rev.  Lett.  58,  1000 
(1987) 

9)  Y.  Yamamoto  and  H.  A.  Haus,  Rev.  Mod.  Phys.  56,  1001  (1986) 
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Generation  of  Number-Phase  Minimum  Uncertainty  States 

V.  Yamamoto,  S.  Machida,  N.  Imoto,  M.  Kitagawa  and  G.  Bjork 
NTT  Basic  Research  Laboratory 

1.  Squeezed  state  (SS)  vs.  Number-phase  minimum  uncertainty  state(NUS) 


2.  Four  generation  schemes  of  NUS 

•  unitary  evolution 

•  nonunitary  state  reduction 

•  measurement-  feedback 

•  saturated  oscillator  40%  below  SQL  from  dc  to  1.1  GHz 

3.  Applications 
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Application  I —Quantum  Communication 
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Application  11-Quantum  Mechanical  Computer  — 
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Application  III  — Gravitational  Wave  Detection 
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Conclusion 

1.  Four  different  generation  schemes  of  NUS 

2.  Constant  current-driven  semiconductor  laser 

large  squeezing  quantum  efficiency  limited 

broadband  from  dc  to  several  (ten)  GHz 

wavelength  tunability  from  0.6  pm  to  10  pm 

3.  Applications 

Quantum  communication  /  Quantum  computer  /  Interferometry 
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SQUEEZING  VIA  TIAf ELLING-NAFE  FOHWABD  POUR-NAVE  MIXING 
IN  ATOMIC  TAPOBS:  COMPARISON  WITH  NONDBGENBRATB  THBOHT 


Prem  Kumar 


Northwestern  University 


In  this  paper,  I  show  that  our  recent  observation  of  4}  squeezing  via 
travelling-wave  forward  four-wave  mixing  in  sodium  vaporl  is  in  good 
agreement  with  our  quantum  theory  of  nondegenerate  multiwave  mixing.2 
Squeezing  spectra  for  the  parameter  values  employed  in  the  Maeda  et 
al .  1  experiment  are  presented.  It  is  shown  that  for  the  available 
dye-laser  power,  as  much  as  a  factor  of  four  squeezing  should  be 
achievable  from  about  50  to  700  MHz  in  the  sodium  vapor  experiment. 
However,  Doppler  broadening,  optical  pumping,  and  sel  f- focussi  ng 
effects  may  limit  the  observable  squeezing. 


1.  M.  W.  Maeda,  P.  Kumar,  and  J.  H.  Shapiro,  Opt.  Lett.  12.,  1 6 1 
(  1987  ) . 

2.  S.-T.  Ho,  P.  Kumar,  and  J.  H.  Shapiro,  Phys.  Rev.  A  15n  3982 
(  1987)  . 
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GENERATING  SQUEEZED  MICROWAVE  RADIATION 
WITH  A  JOSEPHSON  PARAMETRIC  AMPLIFIER 


B.  Yurke 

AT&T  Bell  Laboratories 
Murray  Hill,  New  Jersey  07974 

In  an  effort  to  generate  squeezed  microwave  radiation  at  20  GHz 
via  a  Josephson  parametric  amplifier,  we  have  recently  demonstrated 
a  factor  of  2  squeezing  of  4.2K  thermal  noise.  A  room  temperature 
mixer  with  a  660K  noise  temperature  was  employed  for  homodyne  detection. 
The  overall  detector  system  noise  temperature  (including  waveguide  losses) 
was  2100K.  In  order  to  rule  out  detector  saturation  effects,  a  probe 
signal  was  injected  into  the  mixer  to  monitor  the  detector  system  gain. 
Since  at  4.2K  one  is  only  an  order  of  magnitude  from  the  quantum  noise 
floor,  we  are  hopeful  of  observing  quantum  noise  squeezing  when  the 
device  is  cooled  well  below  .5K. 
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SQUEEZED  STATE  GENERATION  AT  20  GHz 


Motivation: 

(1)  One  wants  squeezed  state  sources  at  as  many 
frequencies  as  possible. 

(2)  Study  Rydberg  atoms  interacting  with  squeezed 
radiation 

(a)  level  shifts. 

(b)  florescence  spectrum  line  narrowing. 

(3)  Study  quantum  behavior  of  Josephson  circuits. 
Why  20  GHz: 

(1)  hi/=  kT 

for  T  =  IK  and  v  =  21  GHz. 

(2)  K-band  waveguide  is  of  a  convenient  size  to  fit 
in  a  cryostat. 

(3)  Josephson  technology  works  well  here. 
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THE  JOSEPHSON  PARAMETRIC  AMPLIFIER 
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Novel  Features: 


(1)  Two  Junctions  employed  to  tune  critical  current  via 
IJ ,  If  control  lines. 

(2)  Four-Stage  Impedance  Transformer  (l  GHz  passband). 
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Detecting  Squeezed  States  by  Cross-Correlation 


1.1.  Ou,  C.K.  Hong  and  L.  Mandel 

Department  of  Physics  and  Astronomy 
University  of  Rochester 
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Abstract 

It  is  shown  that  squeezed  states  can  be  detected  by  cross- 
correlation  measurements  of  the  outputs  of  two  detectors  in  a 
homodyne  experiment,  and  that  squeezing  shows  up  as  a  positive 
correlation.  The  technique  offers  some  of  the  same  advantages  as 
the  balanced  homodyne  technique  of  Yuen  and  Chan,  without  the  need 
to  balance  the  detectors. 


This  work  was  supported  by  the  National  Science  Foundation  and  by 
the  Office  of  Naval  Research.  A  paper  on  this  work  is  to  appear  in 
The  Physical  Review  A. 
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1.  INTRODUCTION 

Reduction  of  linewidth  is  an  essential  approach  in  high  resolution  spectro¬ 
scopy.  Several  methods  to  remove  or  reduce  inhomogeneous  linewidth  have  been 
developed  resulting  in  a  drastic  improvement  in  the  high  resolution  capability 
of  laser  spectroscopy.  On  the  other  hand,  application  of  lasers  has  not  been 
very  effective  in  reducing  homogeneous  linewidth. 

Main  causes  of  the  homogeneous  line  broadening  in  gaseous  media  are  pressure 
broadening,  saturation  broadening,  limited  interaction  time  (transit  time  in  the 
atomic/molecular  beam  spectroscopy),  and  natural  width.  Among  those,  the  first 
and  the  second  ones  are  easily  removed  or  reduced.  The  third  one  can  be  reduced 
by  the  use  of  recently  developed  laser  cooling  techniques.  Thus  the  present  dis¬ 
cussion  will  be  concentrated  in  the  last  one:  reduction  of  the  natural  linewidth. 


2.  BASIC  PRINCIPLE 

As  is  well  known,  the  natural  width  is  caused  by  the  uncertainty  principle: 
when  the  natural  life  time  of  an  excited  state  is  t,  observation  of  the  fluo¬ 
rescence  from  the  excited  state  gives  the  time  at  whicn  the  atom  is  in  the 
excited  state  with  an  accuracy  of  x .  Thus  uncertainty  principle  requires  that 
the  limit  in  the  accuracy  of  measuring  the  energy  of  the  excited  state  is  given 
by  h/(2  ttt),  thus  the  fluorescence  spectrum  should  have  a  linewidth  (uncertainty 
in  the  frequency)  of  1/(2  ttt). 

The  same  pnenomenon  can  be  described  by  classical  picture  as  follows:  if  an 
ensemble  of  atoms  is  excited  instantly  to  tne  excited  state.  The  fluorescence 
intensity  should  be  described  as  I = I g  exp(-t/x),  where  In  is  a  constant.  Then 
tne  amplitude  of  the  electric  field  should  be  E  =  Eq  exp(-t/2x),  and  corresponding 
Fourier  transform,  that  is  the  frequency  domain  representation  of  the  fluores¬ 
cence  as  a  response  to  an  impulse  excitation,  should  have  a  FWHM  of  1/(2  —  t  ) . 

It  is  in  principle  easy  to  reduce  a  natural  width:  that  is,  to  deal  with  only 
such  atoms  which  happen  to  remain  in  the  excited  state  longer  than  T,  which  is  a 
time  much  longer  than  the  life  time  x.  Because  the  number  of  such  atoms  is  pro¬ 
portional  to  exp(-T/x),  where  T  is  the  time  much  longer  than  t,  we  must  sacrifice 
tne  fluorescence  intensity  in  order  to  reduce  the  linewidth. 

However,  one  cannot  expect  any  reduction  of  linewidth  by  simply  carrying  out 
delayed  fluorescence  measurement.  Reduction  of  the  linewidth  can  be  expected  if 
we  could  detect  the  response  of  each  atom  independently.  It  is  needed  to  carry 
out  tne  delayed  measurement  of  a  quantity  wnich  reflects  the  amplitude  of  the 
fluorescence  including  the  phase.  A  typical  example  is  seen  in  various  types 
of  coherent  interactions  of  atoms  and  the  electromagnetic  field. 
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3.  POSSIBLE  SCHEMES  AND  EXPERIMENTAL  RESULTS 

[1]  DELAYED  OBSERVATION  OF  SINGLE  EVENT 

In  order  to  certify  that  a  photon  is  emitted  in  a  time  interval  longer  than 
T,  we  must  know  when  the  atom  made  a  transition  to  the  excited  state.  It  can  be 
easily  done  in  y-ray  spectroscopy  using  Mossbauer  effect.  The  14.4  keV  y-ray  is 
emitted  by  the  spontaneous  emission  by  a  nuclear  excited  state  of  57pe  having  a 
life  time  of  10'7sec.  This  metastable  nuclear  state  is  occupied  by  122  keV  y-ray 
of  a  higher  excited  state.  Thus  detection  of  122  keV  y-ray  tells  us  when  a  nucleus 
makes  transition  to  the  14.4  keV  excited  state.  If  we  observe  only  such  a  photon 
which  is  emitted  more  than  T  sec  after  the  emission  of  a  122  keV  photon,  we  will  be 
able  to  obtain  a  sharp  linewidth  characterized  by  T[l]. 

[2]  UOUBLE  RESONANCE 

In  many  spectroscopic  applications,  direct  purpose  of  high  resolution  spectro¬ 
scopy  is  to  observe  the  hyperfine  structure  of  the  upper  or  the  lower  state.  Double 
resonance  is  a  convenient  method  to  observe  the  hyperfine  structure  of  the  upper 
state,  and  the  linewidth  of  the  radiofrequency  spectrum  can  be  much  shorter  than 
that  of  the  optical  spectrum  [2].  Although  this  is  not  a  direct  observation  of  the 
subnatural  linewidth  and  does  not  contribute  in  improving  the  accuracy  of  the 
optical  spectrum,  it  is  an  excellent  method  to  determine  the  hyperfine  structure 
accurately. 

[3]  RAMSEY  RESONANCE 

The  most  straightforward  scheme  of  subnatural  linewidth  spectroscopy  should  be 
that  of  Ramsey  resonance:  if  an  atom  is  excited  to  the  resonant  state  in  the  first 
field  and  keeps  coherence  until  it  is  interacted  by  the  second  radiation  field, 
signal  takes  a  "Ramsey  pattern."  Apparently  coherence  of  the  atom  is  conserved 
only  when  it  stays  in  the  excited  state,  and  the  number  of  such  atoms  should 
decrease  by  a  factor  exp(-T/i). 

For  resonant  transitions  in  the  visible  region,  the  natural  lifetime  is  too 
short  to  practice  conventional  Ramsey  resonance  experiment.  In  such  a  case, 
acceleration  of  atoms  (ionization—  acceleration  —  neutralization)  is  a  reasonable 
solution,  though  technically  tedious  to  accelerate  neutral  atoms  [3]. 

[4]  LEVEL  CROSSING 

Level  crossing  signal  is  a  result  of  mixing  of  two  quantum  states,  and  inter¬ 
ference  of  the  probability  amplitudes  is  directly  detected.  Thus  we  have  a  possi¬ 
bility  of  narrowing  the  line  by  delayed  observation.  This  method  has  been  applied 
by  several  groups  in  early  70 ' s  on  Ca  and  Ba  [4 ] ,  and  also  on  Na  [5,6]  success¬ 
fully  observing  narrowed  linewidth. 

[5]  QUANTUM  BEAT 

When  a  couple  of  nearby  states  of  the  same  symmetry  are  excited  at  the  same 
time  by  a  pulsed  light,  we  can  observe  a  quantum  beat  signal,  which  is  essen¬ 
tially  the  interference  of  the  probability  amplitudes  of  the  two  states.  Thus 
the  observation  of  the  quantum  beat  allows  us  to  narrow  the  linewidth  by  carrying 
out  the  delayed  observation.  Theoretical  treatment  on  this  scheme  was  discussed 
in  detail  [7,8] . 


[6]  COHERENT  TRANSIENT 

Coherent  transient  phenomena  generally  includes  all  the  effects  in  which 
interaction  of  coherent  light  and  coherent  quantum  states  of  matter  give  rise 
to  a  signal  as  the  beat  note  of  the  coherent  incident  light  and  the  radiation 
emitted  by  the  induced  dipole  of  the  matter.  Thus  there  are  many  possible 
arrangements  by  which  we  can  expect  narrowing  by  delayed  observation. 

However,  an  experimental  success  has  been  obtained  only  on  our  phase  switch¬ 
ing  method  [9,10].  In  this  method,  one  observes  the  effect  of  phase  switching  in 
the  nutation  signal  of  the  atoms.  Recently,  hyperfine  components  in  the  D?  line 
of  lithium  which  are  overlapping  in  the  natural  linewidth  limited  spectroscopy 
have  been  successfully  separated  by  this  method  [11].  This  may  be  the  first 
experimental  demonstration  that  SNWS  is  practically  useful  if  it  allows  to  sepa¬ 
rate  hyperfine  structures  hidden  within  the  natural  width,  as  shown  in  a  computer 
simulation  [12]. 

4.  FUTURE  TRENDS 

Importance  of  SNWS  has  been  increased  by  recent  technical  improvements  on 
laser  cooling  and  trapping  of  atoms  and  ions.  Ultimate  linewidth  limit  in  SNWS 
is  atomic/molecular  transit  time  in  the  optical  field  and  signal-to-noise  ratio. 

The  former  can  be  very  much  extended  by  cooling  the  atoms  under  observation  and 

can  be  even  infinite  by  trapping  the  atoms.  The  former  can  be  eliminated  simply 
extending  the  total  accumulation  time,  if  we  have  sufficient  absolute  frequency 
stability  of  lasers,  and  the  SNWS  scheme  guarantees  the  center  frequency  of  the 
spectrum  to  be  investigated.  This  last  point  is  especially  important  in  choosing 
the  SNWS  scheme. 
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NATURAL  LINEWIDTH  CANNO I  BE 
REDUCED  BY  A  SIMPLE 
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FIG.  1.  (a)  A  schematic  drawing  of  the  apparatus. 

(b)  A  schematic  drawing  of  the  microwave  plumbing  in 
the  spectroscopy  region.  A,  three-pole  switch;  B , 
matched  load;  C,  low-pass  filters;  D ,  precision  vari¬ 
able  attenuators;  E ,  50-dB  circulators;  F,  vacuum 
windows;  G,  magic  tee;  H,  inte raction  waveguides; 

I,  beam;  J,  detector  diodes . 
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Comprehensive  Model  for  Laser  Instability  in  a  CC^  Laser 
with  Gaseous  Saturable  Absorber 

Tadao  Shimizu,  Maki  Tachikawa.  and  Kazuhito  Tanii 

Department  of  Physics,  Faculty  of  Science,  University  of  Tokyo. 
7-3-1  Hongo,  Bunkyo-ku.  Tokyo  113.  Japan 


Summary:  A  periodic  self-pulsation  well  known  as  passive  Q- 

switching  (PQS)  is  observed  in  a  CC^  laser  containing  a  gaseous 

saturable  absorber  inside  its  cavity.  PQS  was  developed  at  first 

as  a  high  power  pulse  source  to  pump  far- infrared  lasers.  In 

response  to  the  recent  interest  in  laser  instability.  it  is  now 

being  reinvestigated  extensively.  Dynamic  properties  of  the 

relating  molecular  systems  are  sensitively  reflected  in  the 

transient  pulse  structure,  and  various  features  of  PQS  pulsation 

are  realized,  depending  on  lasing  conditions  and  characteristics 

of  the  absorbing  molecules.  The  most  familiar  PQS  pulse  is  that 

with  a  single  peak  as  is  shown  in  Fig. Ha).  Several  new  types  of 

1  2 

PQS  have  recently  been  reported.  ’  The  laser  output  is 

modulated  sinusoidally  when  saturable  absorbers  such  as  CH3I  or 

CH3OH  is  used  (Fig. 1(b)).  An  undamped  undulation  appears  over 
the  quasl-cw  tail  of  PQS  pulse  with  HCOOH  absorber  (Fig. 1(c)). 
The  undulation  appears  only  in  the  ending  part  of  the  pulse  tail 
in  the  case  of  SFg  absorber  (Fig. 1(d)). 


So  far,  in  spite  of  extensive  efforts  to  analyze  the  PQS 


behavior,  there  has  been  no  good  model  which  reproduces  the 
observed  pulse  structure  with  fidelity.  We  have  tried  a 
semiclassical  rate-equation  analysis  introducing  the  vibrational 
relaxation  of  the  lower  laser  level.  It  is  found  that  this  rate- 


equation 

approximation 

is  very  effective 

to  describe 

the 

Phenomenon 

in  the 

gas 

laser 

system.  It 

seems 

that 

all 

e.'jsent  i  al 

Phys i cal 

processes 

are  included 

in 

this 

model 

describe  a  transient  behavior  in  the  quantum  mechanical  system 
with  strong  nonlinearity.  Through  the  numerical  integration  of 
the  rate  equations  we  have  succeeded  in  systematic  reproduction 
of  all  the  PQS  pulses,  especially  the  PQS  pulse  with  the  undamped 
undulation  for  the  first  time  (see  Fig. 1 (a' )-(d’ ) ) .  The 
undulation  was  revealed  as  a  relaxation  oscillation  induced  by 
the  relaxation  of  the  lower  laser  level.  The  model  also 
describes  optical  bistability  observed  in  the  present  laser 
system  wel 1 . 

The  computer  calculation  based  on  the  present  model  shows  that 
chaotic  pulsation  is  realized  led  by  the  period-doubling  route. 
This  is  the  first  demonstration  of  chaos  in  a  laser  containing  a 
saturable  absorber.  (In  other  words  this  is  the  first  aperiodic 
passive  Q-swi tchlng. )  The  chaos  appears  in  a  very  limited 
parameter  region  where  the  undulation  period  is  close  to  the 
pulse  interval.  The  presence  of  the  two  close  time  constants  may 
be  a  key  to  the  production  of  chaos.  The  present  analysis 
suggests  that  it  is  possible  by  introducing  saturable  absorbers 
inside  the  cavity  to  observe  chaos  even  in  small-gain  lasers  such 
as  C02  and  N20  lasers  far  from  the  bad-cavity  condition. 
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RECENT  PROGRBSS  IN  OPTICAL  BISTABILITY  AND  TRISTABILITY 


T.  Yabuzaki  and  M.  Kitano  *, 

Department  of  Physics,  Kyoto  University,  Kyoto  606,  Japan,  and 
*  Radio  Atomospheric  Science  Center,  Kyoto  University,  Uji,  Kyoto 
611,  Japan 

Summary 

In  recent  years  we  have  been  studying  theoretically  and 
experimentally  on  the  new  type  of  optical  bistability  and 
tristability,  and  on  the  related  phenomena  such  as  self-pulsing, 
chaos,  and  transient  chaos.  I  would  like  to  focus  my  present 
talk  on  the  optical  bistability  in  the  first  place,  which  is 
caused  by  the  spin  polarization  in  the  presence  of  optical 
feedback.  This  bistability  is  considerably  different  from  the 
ordinary  one,  because  it  has  no  hysteresis  cycle,  while  it  does 
have  a  pitchfork  bifurcation,  i.e.  symmetry-breaking.  Secondly 
I  would  like  to  talk  about  the  se 1 f-swi tch ing  of  the  light 
polarization  by  spin-precession,  which  takes  place  in  the  same 
optical  system.  Finally,  I  discuss  about  the  mul t is t ab i 1 i t y 
observed  experimentally,  using  simplified  models  with  coupling 
between  spatial  modes  of  light. 
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Recent  Progress  In  Opt  lea.  I 
B i  -  a nd  Trl  -Stabi  I  I  t  y 

T -  Vabuzaki  and  M.  Kitano 
Kyoto  University 
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Focused  Phenomena 
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NCN CLASSICAL  LIGHTS 


Horace  P.  Tuan 

Department  of  Electrical  Engineering  and  Computer  Science 
Northwestern  University 
Evanston,  Illinois  60208 


SUMMARY 


The  differences  between  "nondasaioal*  lights  and  eoherent-atate  lights 
are  reviewed.  Some  general  observations  are  made  concerning  the  generation, 
propagation,  and  detection  of  squeezed-state  and  near  maber- state  lights.  The 
role  of  phase-sensitive  linear  amplifiers  and  photon- number  amplifiers  is 
emphasized.  Certain  possible  applications  of  nondasaioal  lights  to  communica¬ 
tions  are  described,  induding  optic  local  area  networks. 
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Quantum  Statistics  of  Parametric 
Oscillators  Above  Threshold 


D.F.  Walls*,  M  J.  Collett'1’,  A.S.  Lane*, 
M.D.  Reid*  and  C.M.  Savage* 


*  Physics  Department 
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+  Physics  Department 
University  of  Essex 
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*  Optical  Sciences  Center 
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Summary 

The  quantum  statistics  of  the  degenerate  parametric  oscillator 
above  threshold  are  described.  The  squeezing  spectrum  is  plotted 
for  a  range  of  parameters.  The  nondegenerate  parametric 
oscillator  is  studied  above  threshold  where  the  solutions  are 
known  to  undergo  phase  diffusion.  The  fluctuations  in  the 
difference  current  from  the  signal  and  idler  modes  are  calculated 
for  the  case  where  the  signal  and  idler  may  have  different  cavity 
decay  rates. 
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OPEN  QUESTIONS  IN  CLOSED-LOOP  PHOTODETECTION 


Jeffrey  H.  Shapiro 

Massachusetts,  Institute  of  Technology 
Department  of  Electrical  Engineering  and  Computer  Science 
Cambridge,  Massachusetts  02139 

The  usual  open-loop  quantum  and  semiclassical  theories  of  light 
detection  apply  to  configurations  in  which  there  is  no  feedback  from  the 
photodetector  to  the  light  beam  impinging  on  that  detector  [1]  -[3], 

In  these  circumstances  there  are  unmistakable  signatures  of  nonclassical 
light,  such  as  sub-shot-noise  spectra  and  sub-Poisson  photocounts.  No 
such  unmistakable  signatures  exist  for  the  case  of  closed-loop  photo¬ 
detection,  i.e.,  for  configurations  in  which  there  is  a  feedback  path 
from  the  detector  to  the  light  source.  This  talk  reviews  recent  progress 
[4],  [5]  in  the  theory  of  closed-loop  photodetection,  and  extrapolates 
therefrom  to  possible  future  schemes  for  quantum-state  synthesis  and 
quantum-measurement  synthesis. 
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